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ABSTRACT 
This thesis describes the development of an experimental facility for testing 
capillary-tube expansion devices and presents preliminary data for flow of R-134a in 
a non-adiabatic capillary tube. The capillary tube is the expansion device of choice 
in domestic refrigerators and some other refrigeration systems because of its 
simplicity and low cost. However, two-phase flow phenomena in capillary tubes are 
complex. New energy efficiency requirements and the advent of the Montreal 
. Protocol which mandates the replacement of CFC refrigerants such as R-12 with 
alternatives such as HFC refrigerant R-134a, have combined to create a need for 
more extensive research on the flow characteristics in capill.ary tubes. 
A literature review reveals that little progress has been made since the 1950's 
in predicting the behavior of capillary-tube flow accurately. Data for non-adiabatic 
operation and for capillary tubes using R-134a are scarce. Most experimentation 
has been geared toward validating specific rather than gathering data for conditions 
actually seen in domestic refrigerators. Attempts to model capillary-tube 
characteristics such as the metastable region, two-phase friction factors and tube 
wall roughness, critical flow, and two-phase flow regimes have met with limited 
success. 
An experimental facility is presented which is designed to acquire data for 
conditions including those seen in domestic refrigerators. The facility has capability 
for independent control of oil concentration, multiple test-section configurations, and 
instrumentation for gathering mass-flow, pressure, and temperature data. Also 
presented is a small set of data used to analyze the performance of the experimental 
facility and suggest topics for further investigation. 
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1. INTRODUCTION 
This paper describes the design and construction of an experimental facility for 
testing of capillary-tube flow phenomena. It also contains a set of data taken for 
non-adiabatic flow of refrigerant R-134a through a capillary tube which is used both 
for analysis of test-facility performance and for qualitative evaluation of capillary-tube 
operating characteristics. 
1.1 Description of the Capillary Tube 
The capillary tube is a long, small-bore tube, usually between 3 ft and 15 ft long 
with an inside diameter between 0.020 in. and 0.100 in. (Johnson, 1993) It serves 
as the expansion device for domestic refrigerators and some other refrigeration 
systems. A standard vapor-compression cycle showing the location of the 
expansion device is shown in Figure 1.1. An expansion device is a throttling device 
which produces the refrigeration effect in a vapor-compression cycle. This is 
accomplished by effecting a large pressure drop while maintaining refrigerant 
enthalpy. The vehicle for pressure drop in the capillary tube is the friction resistance 
caused by the large internal surface area of the tube relative to its small cross-
sectional area. The pressure drop occurs over the entire length of the capillary tube, 
as opposed to almost instantaneous pressure drop across other expansion devices, 
such as orifices and expansion valves. 
The capillary tube is used almost exclusively as the expansion device for 
domestic refrigerators because of its simplicity and low cost. The capillary tube has 
no moving parts, unlike an expansion valve, and thus is less expensive to 
manufacture and less prone to failure. The capillary tube also offers several 
advantages over orifices. One of these advantages is the durability of capillary 
1 
I'\) 
~ 
::l 
en 
en 
~ 
a. 
Liquid 
(subcooled) Expansion Device 
Condenser 
--
-
--
-Evaporator 
Liquid and 
vapor 
(saturated) 
Enthalpy 
I Adiabatic- -----=--Suction-line HX J 
Vapor 
(superheated) 
Figure 1.1 Pressure-enthalpy diagram for standard vapor compression refrigeration cycle. 
tubes. Orifice performance is highly dependent on a sharp leading edge, which 
wears down over time (Purvis, 1992). Capillary-tube flow characteristics remain 
constant over the life of the refrigeration system. 
Capillary tubes are manufactured to tight dimensional tolerances, making 
performance reproducible. The capillary tube is usually soldered to the suction line 
creating a counterflow heat exchanger which cools the refrigerant in the capillary 
tube. This increases the length of the liquid region in the capillary tube, lowering 
friction and, consequently, increasing mass-flow rate. The increase in m~ss-flow 
leads to an improvement cooling capacity. Other advantages the capillary tube has 
over other expansion devices are the stability of flow at the low flow rates typical in 
domestic refrigerators and low compressor starting torque. 
1.2 Motivation for Capillary-Tube Research 
Despite the physical simplicity of the capillary tube, the inherent flow 
phenomena are not well understood. This lack of understanding manifests itself in 
the difficulty associated with selecting optimal capillary-tube geometries for 
refrigerator systems. The phasing out of CFC and HCFC refrigerants has made 
most capillary-tube sizing algorithms obsolete, and the recent energy efficiency 
requirements have made the margin of error for capillary-tube selection smaller. The 
present need for manufacturers to perform expensive experimental testing to select 
capillary-tube sizes is another drawback of the present system. This section 
examines some of the factors that create the need for experimental research in the 
area of alternative refrigerant flow in capillary tubes. 
Two-phase flow characteristics in capillary tubes are elusive. This research is 
motivated in part by this lack of understanding of the two-phase flow phenomena. 
The motivation lies in the fact that the unknowns regarding capillary-tube operation 
make it difficult to formulate a simple model for selecting an optimum geometry for a 
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refrigeration system. One of the capillary-tube flow characteristics is the ~on­
equilibrium effect known as the metastable region. Figure 1.2 compares a typical 
capillary-tube temperature profile with a saturation temperature profile. The 
"Metastable region" is the portion of the liquid region in the capillary tube that is 
below saturation pressure for the temperature in that region. Correlations attempting 
to model this delay in vaporization have been largely ineffective. Another set of 
unknowns is the flow regimes present in the two-phase region of the capillary-tube. 
The flow regime is critical in determining friction factor and heat transfer correlations, 
which are important in capillary-tube modeling. A third area of interest is the exact 
nature of the "choked flow" conditions present at the exit of the capillary tube. 
Because the exit flow is saturated, it is not known if this condition behaves exactly 
like a critical flow condition for pure vapor. 
The existing theoretical methods used to select capillary-tube geometries are 
only accurate for first-order approximations, and are usually only applicable for 
traditional refrigerants. The American Society of Heating, Refrigeration, and Air-
Conditioning Engineers (ASH RAE) charts and trial-and-error experimentation have 
been, and still are, the primary means of selecting capillary-tube geometries. The 
ASHRAE charts were derived from the work of Hopkins (1950) and Whitesel (1957a 
and b) in the 1950's. They are used as a first-order approximation for selecting 
capillary tubes for systems operating with refrigerants R-12 and R-22. However, the 
ASHRAE charts can not be extended for use with R-134a. Also, they are not 
accurate enough to be used as a stand-alone method for capillary-tube size 
selection, but must be supplemented by extensive experimental testing. 
Computer codes have been written to model capillary-flow and select proper 
geometries in the years since the formulation of the ASHRAE charts, but are, like the 
charts, useful only as first-order approximations. Most experimental data are geared 
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toward validating specific models and are almost exclusively for adiabatic operation, 
thus they are usually not applicable to domestic refrigerators, which almost always 
employ capillary-tube/suction-line heat exchange. 
The advent of both the Montreal Protocol banning CFC and HCFC refrigerants 
and new energy-efficiency requirements imposed by government provide additional 
impetus for capillary-tube research. CFC and HCFC refrigerants are being phased 
out because of their high Ozone Depletion Potential (ODP) and Global Warming 
Potential (GWP). The HFC refrigerant R-134a is established as a replacement for 
R-12, the refrigerant most commonly used in domestic systems. A replacement for 
R-22 has not been firmly established. The new refrigerants have different 
thermodynamic and transport properties than those they are replacing. They also 
require different lubricating oils which could affect capillary-tube flow characteristics. 
Thus, any capillary-tube selection models should be able to accommodate a variety 
of refrigerants by using their physical properties as an input. 
The energy-efficiency standards are particularly applicable to refrigeration 
systems employing capillary tubes as the expansion device. In a refrigeration 
system, the capillary-tube mass-flow rate and the compressor mass-discharge rate 
naturally come to an equilibrium point know as the capacity balance point. 
Refrigerator systems are designed to attain maximum efficiency at the point of 
capacity balance. For a given system, the efficiency at the capacity balance point is 
extremely dependent on proper selection of capillary-tube geometry and refrigerant 
charge. Because capillary-tube efficiency falls off dramatically as operating 
conditions deviate from the optimum, accurate selection of capillary-tube geometry 
for a given system is crucial in order to meet the more stringent energy-efficiency 
standards. 
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Because of insufficient understanding of the two-phase flow phenomena that 
exist in capillary tubes, present models for selecting optimal tube geometries are 
only accurate enough for first-order approximation. The result is that much costly 
experimental testing must be done to optimize capillary-tube size. The recent 
mandates calling for use of alternative refrigerants and refrigerators that are more 
energy-efficient make the use of present models impractical even for first-order 
approximation of proper capillary-tube size. Experimental research must be 
performed as a basis for overcoming the obstacles which hinder the formulation of a 
model that can, at the least, greatly reduce the costly experimental testing presently 
needed to select the optimum capillary-tube geometry for a refrigerator design. 
1.3 Research Objectives 
The ultimate objective of our research is the development of a simple, versatile 
computer model which can be used to select capillary-tube geometries for any 
capillary-tube refrigeration system employing any refrigerant. The model must thus 
be derived from first principles so that basic refrigerant properties can be used as 
inputs. It must also be accurate enough to eliminate, or at least significantly reduce, 
experimental research while meeting energy-efficiency requirements. Finally, it is 
desirable that the model is able to be integrated into full refrigerator system models. 
The primary role of this study is to develop an experimental facility capable of 
acquiring the type of data necessary to formulate a model which can be accurately 
and easily used to select proper capillary-tube geometries for a variety of refrigerator 
systems and using any refrigerant. The secondary goal is to assemble a set of data 
to validate the effectiveness of the test facility in achieving the primary objective. 
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2. LITERATURE REVIEW 
The literature review described in this chapter is divided into three sections. 
The first section is a summary of papers which mark historical milestones in 
capillary-tube research. The second section examines the experimental facilities 
used in past capillary-tube research and their influence on the design of the 
experimental apparatus used in our work. Existing data for refrigerant flow in 
capillary tubes is examined in the third section in order to establish a basis for 
organizing the acquisition of data in our research. These sections overlap to some 
extent, but the divisions are useful in defining the application of the literature review 
to our work. 
A comprehensive literature review was performed by Purvis (1992) with an 
emphasis on the fundamentals of capillary-tube modeling and research. Johnson 
(1993) presents a literature review which studies past capillary-tube experimental 
facilities. These works are the starting point for the review of capillary-tube literature 
presented here. 
2.1 History of Capillary-Tube Research 
The first published papers describing capillary tube research appeared in the 
1940's. Two key papers published in that time period were those written by R. H. 
Swart in 1946 and L. A. Staebler in 1948. Swart was the first to describe the 
thermodynamic behavior of refrigerants in a capillary-tube/suction-line heat 
exchanger and make suggestions on the application of these principles to actual 
refrigeration systems. Staebler's paper presents design considerations for 
maximizing .the capacity of condensers and evaporators used in conjunction with 
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capillary tubes. He also discussed the effects of different combinations of capillary 
tube lengths and diameters on refrigerant flow and formulated a table for selecting 
capillary-tube geometries for various operating conditions. 
Other significant papers in the 1940's include the works by Bolstad and Jordan 
(1949) and Marcy (1949). Bolstad and Jordan modified a standard vapor-
compression refrigeration loop to takE3 data. Using this modified system, they 
studied the flow of R-12 in capillary-tube/suction-line heat exchangers. They 
gathered data for capillary tubes having diameters between 0.026 and 0:055 in.; 
lengths of 6, 12, and 18 feet; and inlet pressures of 120, 140, and 160 psia. Marcy 
was the first to attempt a theoretical approach to selecting the proper size for a 
capillary tube. Marcy's model assumes adiabatic flow, so it has little practical use in 
choosing a tube intended for a non-adiabatic application. He also oversimplifies 
some of the two-phase flow characteristics. Despite these drawbacks, his work laid 
the foundation for future models. 
Hopkins (1950) describes two models which can be used to determine optimum 
sizes (length and diameter) for capillary tubes used with R-12 and R-22. His 
methods are applied using figures, rather than by performing actual calculations 
such as Marcy's, so they are easier to use. Hopkins experienced some difficulty 
choosing a friction factor that worked for his model. He eventually arbitrarily 
modified a friction factor relation from McAdams (1933) so that the model returned 
results consistent with experimental data. 
Whitesel (1957a and b) proposes a model that assumes adiabatic flow and 
saturated inlet conditions. In order to select an optimum capillary-tube size, he 
integrates the energy conservation equation using an experimentally determined 
friction factor to obtain an expression for mass-flow rate. The model contains 
provisions for both choked and unchoked flow. His choked flow model seems to be 
the first to appear in published literature (Purvis, 1992). 
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The work of Hopkins (1950) was combined with that of Whitesel (1957a and b) 
to form the ASHRAE charts for selecting capillary tubes (Purvis, 1992). These 
charts remain the industry standard for determining optimum sizes for capillary 
tubes. 
Another 1957 publication is that of Cooper, et al. They are the first to describe 
two-phase flow visualization. The study is not well defined, however, and reports the 
flow only as "fog like". A photograph is presented, but without reference to how it 
was taken. A more significant facet of their paper is the observation of the 
metastable region. Cooper, et al. report a liquid region longer than that predicted by 
equilibrium calculations (Purvis, 1992). They also report that the flash point was not 
stable. They inserted a wire into the flow to stabilize the flash point, the location of 
which was then observed to move "regularly" along the tube as the level of 
subcooling at the inlet was varied (Purvis, 1992). 
Mikol (1963) performed significant work in the areas of flow visualization and 
friction factor determination.· After observing the variety of approaches used to 
determine friction factor in earlier research, Mikol decided to perform a thorough 
analysis of pressure drop in a capillary tube. He found that lack of accuracy in 
determining capillary-tube internal diameter and mass-flow rate is a large contributor 
to errors in friction factor calculations. He determined internal diam·eter 
experimentally by weighing the capillary tube before and after filling it with water. He 
also measured tube roughness using a diamond-stylus type profilometer. Mikol then 
used water flow to determine friction factor and concluded that the Moody 
correlations return sufficiently accurate results when the correct roughness height is 
used. 
The flow visualization studies done by Mikol were performed using a 0.049 in. 
internal diameter glass tube with R-12. High-speed photographs of the flow were 
taken to analyze the flow regimes present. Mikol's photographs show that bubbles 
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formed along the wall and moved toward the center of the tube. Without the 
photographs, the flow appeared "fog like" as described in Cooper, et at. (1957). 
Mikol also notes an unstable pulsating flow containing large bubbles, which were 
visible without the assistance of high-speed photography. Mikol's observations are 
supported by the findings of Koizumi and Yokoyama (1980), who also describe 
bubbles forming at the wall and progressing toward the tube center. 
Mikol and Dudley (1964) present a paper attempting to explain the unsteady, 
pulsating flow described in Mikol's 1963 publication. The phenomenon was thought 
to be caused by fluctuations in the location of the vaporization point. Mikol and 
Dudley repeated the method employed by Cooper, et at. (1957) in their research, 
inserting a small wire into the flow to stabilize the vaporization location. Their results 
differ from those of Cooper, et at. in that the flash point was not observed to move 
smoothly along the tube. Rather, the flash point remained stable at a point until a 
relatively large change in operating conditions caused it to become unstable. After 
further changes in the conditions, a new stable flash pOint location was eventually 
established. 
Erth (1970) created two computer codes for sizing capillary tubes. These 
codes were based on the work of Hopkins (1950) and Whitesel (1957a and b), and 
also on refrigerant properties obtained from manufacturers. Erth evaluates flow in 
the two-phase region using a Fanno-flow equation. His results do not represent a 
significant improvement in accuracy over past models. The importance of his work 
lies in the computerization of a capillary-tube model for the first time. 
Debate over the existence of a metastable region in capillary-tube flow 
persisted until the work of Scott (1976) was published. Mikol and others suspected 
that the pressure taps along the tube in his, and other, experiments had served as 
vaporization inception sites, thus asserting undue influence on the location of the 
flash point. Scott used temperature data taken along the surface of an adiabatic 
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capillary tube to locate the vaporization point, intentionally leaving the tube free of 
pressure taps. His data support the existence of the metastable region. Scott's 
observations of the stability of the vaporization point agree with those of Mikol and 
Dudley (1964). He reports that a stable flash point location persists, even with slight 
changes in operating conditions. Once changes in conditions are made that are 
sufficient to dislodge the flash point, the location fluctuates until further changes 
cause it to settle at a new stable location. Scott sought to determine a relation for 
nucleation superheat, which he defines as the difference between the actual 
temperature of the liquid at the flash point and the saturation temperature 
corresponding to the pressure at that point. The data exhibit much scatter but 
definite trends are evident in the relation between nucleation superheat and both 
inlet subcooling and liquid length in the capillary tube. Several attempts have been 
made to accurately describe the metastable region in terms that can be used in a 
model, but these correlations have met with limited success. Significant papers 
include those of Koizumi and Yokoyama (1980), Kuijpers and Janssen (1983), and 
Jones (1980). 
Goldstein (1980) published a model which can accommodate saturated or 
subcooled inlet conditions, and adiabatic or non-adiabatic operation. The model 
divides the capillary tube into segments, calculating the pressure drop across each 
segment. It then compares the exit pressure to both the critical exit pressure and the 
evaporator pressure at the end of the capillary tube and makes adjustments 
depending on whether the flow is choked or not. Purvis (1992), notes that the 
Goldstein model marks a significant improvement over that proposed by Erth (1970). 
Sweedyk (1981) used profilometer measurements to show the variability in wall 
roughness inherent in capillary tubes. His goal was to have standards created to 
control capillary-tube roughness in the manufacturing process. However, he did not 
specify the type of profilometer used. He also tested tubes fabricated by a variety of 
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manufacturers using different manufacturing processes, so the significant variation in 
tube roughness is not surprising. As such, Sweedyk's tests do not provide enough 
evidence from which to draw a substantial conclusion. 
Pate (1982) presents a model similar to that of Goldstein (1980). Pate's model 
uses the same segmented approach. He solves separate sets of equations for the 
liquid and two-phase regions. An iterative solution strategy is used, which adjusts 
mass-flow rate until exit pressure equals either critical pressure or evaporator 
pressure. Pate's model agrees well with his data. However, he presents only a 
small number of data points, and many of his assumptions, such as friction factor 
correlation, are specific to his test facility. Therefore, his model can be assumed to 
be strictly valid only for his experiment. 
The review of the literature reflects some of the challenges faced by present 
and future researchers. Most experimental research has been performed using 
adiabatic capillary tubes, thus limiting the applicability to real systems. The two-
phase flow phenomena present in a capillary tube are complicated and not 
thoroughly understood. Accurate assessment of capillary-tube wall roughness and 
friction factor correlations have proven to be elusive. The metastable region, and the 
effects associated with it, have not been fully resolved. These problems are among 
those that need to be addressed before models can be expected to accurately 
predict actual performance. 
2.2 Review of Capillary-Tube Experimental Facilities 
A review of test facilities used in past capillary-tube experiments provides 
valuable insight to the design of the facility described in this paper. The various test 
facilities and the data retrieved by them were analyzed, and the resulting information 
used to select facets of these experimental apparati that appeared applicable to the 
research to be performed using our test facility, as well as to avoid possible pitfalls. 
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The test facility used by Bolstad and Jordan (1949) is shown in Figure 2.1. As 
mentioned in the previous section, their system was simply a modification of a 
standard vapor-compression cycle. They added a flow meter (rotameter) to the line 
leading to the capillary tube, as well as pressure gauges and thermocouples at the 
inlet and exit of the capillary tube. In addition they soldered thermocouples to the 
surface of the capillary tube and the suction line to obtain approximate temperature 
profiles along those tubes. The major drawback of their facility with respect to the 
requirements of our study is the use of a compressor. One goal set forth in our 
research is to have independent control of oil concentration. Because the 
compressor adds lubricating oil to the refrigerant in the system in unknown amounts, 
a standard vapor-compression cycle can not be used. Also, the rotameter-type flow 
meter, although perhaps the best available at the time, is clearly less accurate than 
mass-flow meters currently available. 
Whitesel (1957a and b) employed the open-loop test facility depicted in Figure 
2.2 in his research. In Whitesel's facility a container filled with saturated refrigerant 
was placed on a scale. The scale assembly was located inside an enclosure which 
was electrically heated to obtain the desired saturated inlet pressure. The refrigerant 
was then passed through a second heater to set the inlet quality. Whitesel 
instrumented the test section with thermocouples and pressure gauges at the inlet 
and exit. The refrigerant leaving the capillary tube was vented to the atmosphere. 
Whitesel's configuration possesses a number of traits which are undesirable for 
application in our test facility. Most apparent is the release of refrigerant to the 
atmosphere which not only does not allow any control over exit conditions, but also 
is unacceptable from an environmental standpoint. Besides this, the system does 
not lend itself easily to subcooled inlet conditions. Another drawback is that the 
mass-flow measurement system was not capable of measuring fluctuations in flow 
rate, since it is based on an average over the entire test run. 
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Dudley (1962) constructed the test facility drawn in Figure 2.3 to perform 
visualization studies of two-phase flow in small-bore glass tubes. His test facility 
more closely approximates the one used in our research than the two previously 
described. His facility was a continuous loop, but was only able to be effectively 
used in batch, rather than continuous, operation. Dudley set his test-section inlet 
pressure by immersing a refrigerant container in a water bath. The bath temperature 
was controlled, resulting in a refrigerant pressure corresponding to the saturation 
condition at the bath temperature. This "tank-within-a-tank" method of controlling 
pressure is employed as a capillary-tube exit pressure control in the test facility used 
for our experiment (see Section 3.1.2). 
The refrigerant exiting Dudley's "pressure-setting tank" flowed through a cold 
heat exchanger which condensed it prior to its passage through the mass-flow 
meter. Another controlled-temperature water bath was used to set the test-section 
inlet temperature. Dudley used a second refrigeration system as a means of 
supplying cooling to condense the refrigerant after it left the test section. The liquid 
refrigerant was then pumped through a check valve back into the inlet pressure-
setting reservoir. 
Pate used the quasi-open-Ioop system shown in Figure 2.4 to perform his .non-
adiabatic capillary-tube experiments. A bladder accumulator was used in his facility 
to set inlet pressure. The bladder accumulator consists of a cylindrical pressure 
vessel which contains a flexible bladder. The bladder is filled with nitrogen to a set 
pressure. The space between the outer surface of the bladder and the inner surface 
of the pressure vessel is occupied by refrigerant. Nitrogen is metered into the 
bladder and the refrigerant is forced out of the accumulator as the bladder expands. 
The pressure of the nitrogen in the bladder is kept constant, maintaining the 
refrigerant at the same pressure. Liquid refrigerant passes through the rotameter-
style mass-flow meter and is then heated to the desired inlet temperature. None of 
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Pate's system components are included in the test facility used in our research. The 
large refrigerant charge required by the bladder accumulator, the rotameter mass-
flow meter, and the open-loop design were all viewed as undesirable traits. 
Kuehl (1987) used the same design as Pate (1982) for his early experiments. 
For his later work, he employed the system depicted in Figure 2.5. This system is 
essentially a modified refri"gerator with an oil separator installed in the compressor 
discharge line to purify the refrigerant. A bypass line containing a hand-operated 
metering valve was used to control the mass flow to the test section. Mass flow 
through the capillary tube was measured with a Micro Motion coriolis-type flow 
meter. Two of Kuehl's design characteristics are present in the apparatus used for 
our study. The first is the use of the Micro Motion flow meter. The second is the 
bypass line containing the metering valve. This configuration is used to control 
capillary-tube inlet pressure in our experimental facility, as described in Section 3.1.2 
of the next chapter. Scott (1976) used a setup similar to that used by Kuehl. 
Figure 2.6 shows the test facility used by Wijaya (1992). Its significance is 
limited to the fact that it was used to acquire data for R-134a. Wijaya's facility is 
similar to that used by Kuehl (1987). 
Melo, et al. (1994) present a description of a facility for testing adiabatic 
capillary tubes using both R-12 and R-134a. A drawing of their facility appears in 
Figure 2.7. Their system provided no means for controlling oil concentration and 
was subject to oscillations in inlet pressure and temperature (Section 2.3.2). 
An experimental apparatus devised by Dirik, et al. (1994) to test both adiabatic 
and non-adiabatic capillary tubes is depicted in Figure 2.8. Two key elements in the 
facility design of Dirik, et al. are the use of a true vapor-compression cycle 
(compressor) and the partitioning of only a fraction of the flow for passage through 
the suction line. The use of a compressor in a test facility precludes independent 
control over refrigerant oil concentration. Not allowing the entire flow to pass 
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through the suction-line heat exchanger might represent a significant deviation from 
the operating characteristics of an actual non-adiabatic refrigerator system. Dirik, et 
at. utilized similar instrumentation for inlet temperature and pressure, exit 
temperature and pressure, and mass-flow rate as used in our experiment (Section 
3.3.1). 
The most obvious similarity between the experimental facilities mentioned is the 
use of a compressor in all closed-loop designs. This was to be avoided in the design 
of our experimental facility in order to attain independent control of oil concentration. 
The used of a constant temperature water bath to set refrigerant pressure (Dudley, 
1962) and the metering of refrigerant through a line bypassing the test section to 
control flow rate (Kuehl, 1987) are two significant SUb-systems used in our facility. 
2.3 Experimental Capillary-Tube Data 
A major focus of this research is the gathering and analysis of experimental 
capillary-tube data using R-134a as the working fluid. Consequently, an important 
goal of this literature review is the evaluation of available capillary-tube data as a 
starting point for the organization of our own data acquisition procedure. The 
available data pool from capillary-tube experiments is relatively small and non-
uniform. Purvis (1992), based on his comprehensive literature search, concludes 
that there are only 1285 test runs in the history of capillary-tube research. Over half 
these data are from Scott (1976). Much of the data is from Bolstad and Jordan 
(1948, 1949), but because these data do not exhibit a metastable region, the 
existence of which is solidly established, their validity is questionable. The data of 
Bolstad and Jordan, Pate (1982), and Dirik, et al. represent the only data describing 
non-adiabatic operation. Each experiment uses different methods for data 
acquisition. As a result, the data are in various formats. 
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2.3.1 Data Taken Using R-12 and R-22 
Although our study focuses on the acquisition of data for R-134a, the significant 
sets of dat~ for R-12 and R-22 are reviewed to gain qualitative insight into our data 
acquisition process. 
Mikol (1963) ran a set of experiments with a 6-ft capillary tube. The diameter of 
the tube was determined to be 0.0555 in. by measuring the mass before and after 
filling the tube with distilled water. The key results of Mikol's work were the 
observation of a metastable region and "choked" flow. Mikol does not give inlet 
pressures for his test runs. 
The work of Scott (1976) accounts for over half the published data, as 
mentioned previously. Scott tested both copper and stainless steel tubes. The 
copper tubes ranged from 0.026-0.130 in. in internal diameter and 11.5-153 in. in 
length. Scott assumed a surface roughness of 0.000018 in. for all tubes, based on 
information from his literature search. He concluded that pressure tap holes along 
the length of the tube affect the flow characteristics, and consequently limited his 
data to inlet and exit pressure, a temperature profile along the tube, and mass-flow 
rate. Scott presented almost all of his data as a comparison of actual mass flow rate 
versus flow rate calculated using the ASHRAE charts. 
Pate recorded the results of his work with capillary-tube/suction-line heat 
exchangers in his 1982 Ph.D. dissertation. Pate gathered data for both adiabatic 
and heat exchanging conditions using R-12, but for only one diameter (0.028 in.) and 
length (116.25 in.). Mass-flow rate, inlet pressure and temperature, evaporator 
pressure, and inlet subcooling data are tabulated in Appendix B of his dissertation, 
along with a ~emperature profile along the capillary tube. 
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2.3.2 Data Taken Using R-134a 
The published data for capillary tubes using R-134a are even more sparse than 
those for R-12 and R-22. Wijaya (1992) published experimental data for flow of R-
134a in a capillary tube. He presents data for adiabatic R-134a flow with and without 
oil, in tubes with internal diameters of 0.026, 0.031, and 0.033 in. Wijaya gathered 
mass flow vs. capillary tube length data for flows with inlet subcooling between 10 of 
and 30 of and condenser temperatures between 100 of and 130 of. He then used a 
curve fit of the form: 
M=aLb 
where M is mass flow, L is tube length, and a and b are constants for each curve fit. 
Table 2.1 contains the capillary-tube internal diameter, inlet conditions, mass-flow 
rate, and curve-fit coefficients from Wijaya's data. 
Melo, et al. (1994) tested six capillary-tube geometries: a 2-m (7S.7 in.) and a 
3-m (11S.1 in.) length were cut from three stocks of capillary tubes having internal 
diameters of 0.77 mm (0.030 in.), 0.S4 mm (0.033 in.), and 1.05 mm (0.041 in.). The 
tube internal diameter and roughness measurements are carefully detailed. Three 
samples of each tube type (as classified by internal diameter) were tested using an 
optical method to determine the actual internal diameter. An accuracy of ±0.02 mm 
(O.OOOS in.) is claimed. Roughness is claimed to be calculated to within ±0.01 11m 
(0.4x10-6 in.). The experimental facility employed a compressor, but gas-
chromatograph analysis of their refrigerant shows that the oil separator provided 
99.9% purity in the refrigerant tested in the capillary tube. Two shortcomings are 
apparent in this publication. First, the experimental facility did not maintain inlet 
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Table 2.1 R-134a data of Wijaya (1992) (from Johnson (1993)). 
TubelD Tsubcool Tcond A B mdot=A *L "B 
[in.] [oF] [OF] [Ibm/hr] 
0.033 10 100 0.6486 -0.5326 16.5141707 
0.033 10 110 0.7107 -0.5217 18.4155594 
0.033 10 120 0.7724 -0.5126 20.3096057 
0.033 10 130 0.8349 -0.5053 22.2124349 
0.033 20 100 0.6382 -0.4661 18.0849841 
0.033 20 110 0.7134 -0.4699 20.0927023 
0.033 20 120 0.7879 -0.4725 22.0983081 
0.033 20 130 0.8623 -0.4746 24.1034091 
0.033 30 100 0.7481 -0.4983 20.128627 
0.033 30 110 0.7994 -0.4821 22.0770965 
0.033 30 120 0.85 -0.4679 24.0171854 
0.033 30 130 0.902 -0.4563 25.9667607 
0.031 10 100 0.6216 -0.5888 14.4580166 
0.031 10 110 0.6737 -0.5792 15.9138174 
0.031 10 120 0.7271 -0.5721 17.3725934 
0.031 10 130 0.78 -0.5657 18.8294885 
0.031 20 100 0.6468 -0.5474 16.0807049 
0.031 20 110 ·0.6947 -0.5359 17.5942405 
0.031 20 120 0.7431 -0.5265 19.1069252 
0.031 20 130 0.7903 -0.5176 20.6137193 
0.031 30 100 0.687 -0.5407 17.2653309 
0.031 30 110 0.7214 -0.5161 18.8620534 
0.031 30 120 0.7572 -0.4956 20.4621998 
0.031 30 130 0.7928 -0.4777 22.0504228 
0.026 20 100 0.3055 -0.384 9.88002363 
0.026 20 110 0.3601 -0.4204 10.9831618 
0.026 20 120 0.4162 -0.4427 12.2467064 
0.026 20 130 0.4721 -0.4602 13.5057671 
0.026 30 100 0.3749 -0.4615 10.7026675 
0.026 30 110 0.4203 -0.4651 11.92943 
0.026 30 120 0.4655 -0.4676 13.1592931 
0.026 30 130 0.5109 -0.4702 14.3824031 
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temperature and pressure conditions with stability better than ±0.4 °C (0.7 OF) and 
0.2 bar (0.3 psi). Also, the fact that all the data are for adiabatic capillary-tubes limits 
its applicability to practical systems which are almost exclusively non-adiabatic. 
Dirik, et al. (1994) present a numerical model and data for adiabatic and non-
adiabatic test cases. The data taken by Dirik, et al. appear to be the only non-
adiabatic data available for systems using R-134a. The test section used is of the 
concentric variety, with a length of the capillary tube located inside the suction line. 
This configuration is slightly different than the one used in our experiment, in which 
the heat exchange length of the capillary tube is soldered to the surface of the 
suction line. 
Dirik, et al. tested tubes with internal diameters of 0.66 mm (0.026 in.) and 0.8 
mm (0.031 in.). The lengths used were 3500 mm (138 in.), 4500 mm (177 in.), and 
5500 mm (217 in.) for adiabatic cases; and 5500 mm (217 in.) and 6500 mm (260 
in.) for non-adiabatic. The heat-exchange length for the non-adiabatic cases was 
1700 mm (67 in.), located 400 mm (16 in.) from the capillary tube exit. The internal 
diameter of the suction line was 5.6 mm (0.22 in.). No mention is made of why the 
capillary-tubes used were so long. 
The data reported in Dirik, et al. (1994) are shown in Tables 2.2 throug~ 2.5. 
The roughness height used in the friction factor analysis is the same as that used by 
Scott (1976). The mass-flow rate, condensing temperature, inlet subcooling, and 
evaporator temperature are given. The mass-flow rate predicted by their model is 
also shown and compared with the experimental value. The stability of test 
conditions for each data point and the methods and accuracy of the data acquisition 
process are not discussed. 
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Table 2.2 
Tcon 
(OF) 
109.94 
109.94 
120.02 
120.02 
129.92 
129.92 
Table 2.3 
Tcon 
(OF) 
109.94 
109.94 
120.02 
120.02 
129.92 
129.92 
Adiabatic experimental and theoretical data for flow of R-134a 
through a capillary tube (length=217 in., 1.0.=0.026 in.) taken 
from Oirik, et al. (1994). 
Tsc Tevap mexp mnum Oiff. % (OF) (OF) (Ibm/hr) (Ibm/hr) 
9.36 -21.82 4.5635 4.5635 0.0 
15.66 -20.20 4.9383 4.9604 0.4 
11.88 -18.40 5.2470 5.1588 -1.7 
15.84 -16.96 5.3572 5.4233 1.2 
13.32 -14.80 5.5776 5.7099 2.4 
26.46 -10.30 6.7681 6.5036 -3.9 
Adiabatic experimental and theoretical data for flow of R-134a 
through a capillary tube (length=217 in., 1.0.=0.031. in.) taken 
from Oirik, et al. (1994). 
Tsc Tevap mexp mnum Oiff. % (OF) (OF) (Ibm/hr) (Ibm/hr) 
10.26 -3.46 7.4516 7.6941 3.3 
17.28 1.04 8.7082 8.4877 -2.5 
10.26 0.14 8.1791 8.3775 2.4 
17.28 3.38 9.1491 9.2153 0.7 
15.12 5.00 9.3035 9.7003 4.3 
19.44 6.44 9.7885 9.7885 3.7 
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Table 2.4 
Tcon 
(OF) 
109.94 
109.94 
120.02 
120.02 
129.92 
129.92 
Table 2.5 
Tcon 
(OF) 
109.94 
109.94 
120.02 
120.02 
129.92 
129.92 
Non-adiabatic experimental and theoretical data for flow of 
R-134a through a capillary tube (length=217 in., 1.0.=0.026 in.) 
taken from Oirik, et al. (1994). 
Tsc Tevap Tsh mexp mnum Oiff% 
(OF) (OF) (OF) (Ibm/hr) (Ibm/hr) 
6.66 -19.12 41.40 5.0485 4.6297 -8.3 
8.46 -18.76 39.96 5.1588 4.7619 -7.7 
10.26 -15.70 38.52 5.4895 5.4233 -1.2 
12.42 -14.62 28.44 5.8642 5.6438 -3.8 
10.26 -11.20 27.18 6.0627 5.9524 -1.8 
16.56 -8.86 8.46 6.8784 6.5477 -4.8 
Non-adiabatic experimental and theoretical data for flow of 
R-134a through a capillary tube (length=217 in., 1.0.=0.031 in.) 
taken from Oirik, et al. (1994). 
Tsc Tevap Tsh mexp mnum Oiff% 
(OF) (OF) (OF) (Ibm/hr) (Ibm/hr) 
14.76 -1.12 9.00 9.6342 9.2373 -4.1 
16.38 -0.58 9.00 9.8546 9.4798 -3.8 
12.06 1.94 1.80 9.4357 9.7223 -3.0 
16.38 5.90 0.90 10.6703 10.3176 -3.3 
13.14 1.40 0.72 10.2074 10.7144 5.0 
18.36 5.54 . 1.26 11.4860 11.4419 -0.4 
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In summary, the percentage of capillary tube data using R-134a as the 
refrigerant is a small fraction of an already limited pool of capillary tube data. Of the 
data taken using R-134a, those given by Dirik, et al. are the most directly applicable 
to our study. Most of the test facilities employ methods, or list data in such a way, 
that prohibit accurate comparison with the data presented herein. Two conclusions 
drawn from the review of the available data are, first, that the vast majority of data 
are for the adiabatic case and second, that a large variation test-section geometries 
exists. This prompted us to choose a test section geometry and heat exchanger 
configuration typical of domestic refrigerators. 
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3. EXPERIMENTAL FACILITY 
The capillary-tube experimental facility was designed and constructed for the 
purpose of obtaining data to be used in a capillary-tube size selection model. Some 
of the important factors that influenced the design of the capillary-tube test facility 
are: ability to independently vary refrigerant oil concentration; provisions for multiple 
test sections and heat exchanger configurations; maintaining steady-state test 
conditions; and gathering mass flow, pressure, and temperature data. The following 
sections detail how these criteria were met. 
3.1 Two-loop Design 
Refrigerator systems operate with compressor lubrication oil mixed in the 
refrigerant. In these systems, the oil concentration in the refrigerant can not be 
directly controlled. One of the goals of this project is to collect data for refrigerants 
which are either pure or have known oil concentrations. So, unlike the test facilities 
used by many previous researchers (Section 2.2), this experimental apparatus could 
not be a modified vapor-compressor cycle, but had to be configured with some 
means of simulating refrigerator system performance without a compressor. In order 
to control the oil concentration in the experimental facility, a two-loop design is 
implemented which eliminates the compressor from the test loop. 
A refrigeration loop powered by a 5-hp compressor/condenser package and 
using R-502 as the refrigerant, supplies cooling to the test loop (R-134a or other test 
refrigerant) via coaxial heat exchangers. These cold heat exchangers are used to 
condition the flow at the low-temperature points in the test loop. A diaphragm pump 
is used in the test loop to boost the pressure at the inlet of the capillary-tube test 
section to levels typically observed at the discharge side of refrigerator compressors. 
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3.1.1 Supply Loop 
A schematic of the supply loop is seen in Figure 3.1. The supply loop 
refrigeration is attained using a 5-hp compressor/condenser package (Copeland, 
MRA2-0500-TFC-100), as mentioned in the previous section. This unit is oversized 
to allow the supply loop to maintain near-equilibrium operation even when load 
changes occur due to variations in test loop conditions. A solid-state speed drive 
(Toshiba, TOSVERT-130 G2+) controls the compressor-motor speed. The drive 
receives 240 V, three-phase power and varies the output frequency, which is directly 
proportional to the compressor-motor speed. The supply loop refrigeration unit uses 
an ethylene-glycol/water mixture, tapped from the building air-conditioning system, to 
condense the superheated R-502 vapor exiting the compressor. A sight glass 
. positioned at the condenser exit allows the operator to determine whether or not the 
refrigerant is subcooled. A Bourdon-tube pressure gauge displays discharge 
pressure. 
The liquid refrigerant branches into four parallel lines (labeled HX1, HX2, HX3, 
and HX4 in Fig. 3.1). An expansion valve is located in each of the four lines 
immediately after the entrance. The refrigerant passing through each valve is 
throttled to a cold, saturated state. This cold refrigerant then passes through cC?axial 
heat exchangers which provide refrigeration at cold points in the test loop. The 
locations of the heat exchange points in the test loop are specifically described in 
Section 3.1.2, the description of the test loop. Thermocouples are attached to the 
surface of the copper tubes before and after each heat exchanger to monitor 
temperature and check for proper cooling capacity in each line. The heat exchanger 
lines are configured in parallel to minimize heat exchange temperatures by greatly 
reducing the large two-phase friction losses which would occur downstream of the 
throttling valve in a series configuration. Expansion valves are placed in all four 
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exchanger configuration. 
lines, rather than using just one located upstream of the branching point, in order to 
control the cooling capacity of each heat exchanger. Temperatures below -40 of 
have been achieved in the heat exchangers. 
Past the heat exchangers, the lines merge and the flow heads toward the 
compressor inlet. On its way, the refrigerant passes through a suction-line 
accumulator to remove any liquid from the flow before it enters the compressor. 
Temperature and pressure are monitored near the compressor inlet port. 
3.1.2 Test Loop 
A diagram of the test loop is seen in Figure 3.2. Actually, what is here called 
the test loop is comprised of three loops: the outer loop, which is the capillary-tube 
loop; a pressure-setting bypass loop; and a pressure-relief bypass loop. A 
diaphragm pump (Wanner, Hydra-cell model M03SRSTSSEY) is located at the 
bottom-center of the diagram. A pump is needed instead of a compressor as a 
means of boosting the refrigerant pressure while allowing independent control of oil 
concentration in the system. A positive-displacement type pump was considered 
most appropriate because of its characteristic of constant flow rate. Gear pumps 
were considered first because of their ability to produce constant, non-oscillating, 
flow rates independent of the differential pressure across the pump. However, no 
gear pump we found was capable of achieving the relatively high (up to 250 psid) 
differential pressures required in our test facility at flow rates typical of capillary 
tubes. Diaphragm pumps were also considered, because they can support 
differential pressures of over 1000 psid. However, diaphragm pumps have two 
characteristics which are undesirable in our experimental facility: the flow rates are 
approximately an order of magnitude larger than we need and the reciprocating 
action of the diaphragm causes pressure pulsations.' Because no gear pumps are 
available which can attain the conditions necessary for this experiment, we chose to 
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use a diaphragm pump and devise methods for eliminating the two problems 
associated with its use. These methods will be described in detail in the following 
paragraphs. 
The thin rectangles on either side of the pump represent 1-ft, high-pressure, 
rubber refrigerant hoses. These are attached to the inlet and outlet of the pump to 
isolate the pump vibrations from the rest of the test facility. 
Continuing in the direction of flow, the first line to branch toward the top of the 
figure is the pressure-relief bypass loop. The principal function of this loop is to 
allow refrigerant to escape to the suction side of the pump should the discharge line 
become blocked. The first item in this loop, valve V-1, is an access valve. This was 
used as a port for supplying nitrogen to create an inert environment for brazing 
during construction of the test facility. The next item, in the upper-right-hand corner, 
is the pressure-relief valve. This can be set to any of a range of values, depending 
on the pressures expected in the test loop. Finally, there is a Bourdon-tube pressure 
gauge for monitoring suction pressure at the pump inlet. 
A ball valve is located just past the point on the discharge side of the pump 
where the pressure-relief bypass line branches from the main loop. A similar ball 
valve is located near the pump on the suction side. These valves are used to isolate 
the pump section from the rest of the facility when applying a vacuum to the loop 
prior to charging it with refrigerant. This is done because exposing the diaphragm to 
a full vacuum risks having it rupture or pull away from its seal. A diaphragm failure 
would not only render the pump useless, but also contaminate the loop with 
hydraulic oil. 
The pressure-setting bypass loop branches from the outer loop immediately 
past the ball valve on the discharge side of the pump. This loop is our solution to the 
problem of having the diaphragm pump generate a higher flow rate than can 
possibly be passed through the capillary tube. There are two devices located in this 
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loop: a metering valve and a coaxial heat-exchanger coil (HX1 in Fig. 3.1). The 
metering valve is used as one of two controls for test-section inlet pressure, the 
.other being pump-motor speed. Test-section inlet pressure is adjusted by using the 
metering valve to vary the flow resistance, and thus the pressure drop, through the 
pressure-setting bypass loop. Because the flow in this loop is in parallel with the 
flow through the main loop, the pressur!3 drop must be the same through each of the 
two loops. By restricting flow through the metering valve in the pressure-setting 
bypass loop , the overall flow resistance of the system is increased. At, a given 
pump-motor speed, the diaphragm pump generates a constant volumetric-flow rate. 
The increase in flow resistance causes an increase in the differential pressure 
across the test section in order to allow more refrigerant to pass through the capillary 
tube and thus maintain the constant flow rate. 
The heat exchanger coil in the pressure-setting bypass line subcools the 
refrigerant returning to the pump in order to avoid cavitation in the pump head. The 
heat exchanger is located in the pressure-setting bypass loop, rather than the main 
loop, so the test-section exit pressure can reach the desired low values. If the entire 
flow were passed through the heat exchanger, the test-section exit pressure would 
be forced higher by a value equal to the amount of pressure drop across the heat 
exchanger. Because the percentage of flow passing through the pressure-setting 
bypass line is so high, sufficient subcooling can be achieved by cooling only the 
bypassed refrigerant. A sight glass is located near the pump inlet to check for 
subcooled refrigerant. 
The refrigerant which will eventually pass through the capillary tube enters the 
pressure pulse-dampening tank (PDT) shortly past the point where the pressure-
setting bypass loop branches away from the main loop. A more detailed schematic 
of the PDT is seen in Figure 3.3. The PDT greatly reduces the pressure pulsations 
caused by the diaphragm pump. The refrigerant passes through a coil of 1/4-in. tube 
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dampening tank, or PDT). 
and a small tank which increase the heat-exchange surface area and residence time 
in the PDT. The coil and tank are suspended in a drum filled with a mixture of 
ethylene glycol and water. The mixture is heated by a 2-kW heater and circulated by 
a submersible pump to maintain a uniform te"mperature. The heater output is 
adjusted by a controller (Powers Process Controls, Model 1766) to maintain the 
temperature of the mixture about 5 of above the saturation temperature of the 
refrigerant in the tank. Refrigerant passing through the coil and tank vaporize, 
forming a buffer of vapor between the pump and the test-section inlet. This "pocket" 
of refrigerant vapor is compressed by each stroke of the pump, dampening the 
pressure pulsations at the inlet of the test section to an amplitude which is not 
detectable. A more detailed description of the control scheme used to set PDT 
temperature is found in Section 3.2.1. 
A Bourdon-tube pressure gauge is located after the PDT to monitor pump 
discharge pressure and detect any pressure pulsations. After leaving the PDT, the 
refrigerant passes through a heat exchanger coil (HX2 in Fig. 3.1), cooling any 
refrigerant vapor to ensure that the flow is in a liquid state prior to entering the 
coriolis-type mass-flow meter (Micro Motion, model OS012S100). If any vapor is 
present in the flow, large errors are introduced into the mass-flow rate 
measurements. The subcooling at the mass-flow meter is monitored by checking 
the temperature of the refrigerant exiting the meter using an Omega thermocouple 
probe. The flow then passes through a filter-drier to remove contaminants which 
could potentially plug the capillary tube. The refrigerant is heated in a heat 
exchanger coil (HX5) to a temperature slightly less than that desired at the inlet to 
the capillary tube. A more detailed description of this heat exchanger arrangement 
is found in Section 3.2.2. The next item in line is a ball valve, one of two such valves 
used to isolate the test section from the rest of the system for the purpose of 
changing test sections. Immediately after the ball valve is an access valve (V-2) 
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used for vacuuming and charging during test section changes and also for removing 
refrigerant when adjusting charge during operation. A low-power electrical heater is 
used to fine-tune the temperature of the refrigerant entering the capillary tube to 
meet the prescribed inlet condition. A sight glass is positioned shortly before the 
capillary-tube inlet to check that the refrigerant" at the inlet is subcooled. A 
thermocouple probe and pressure transducer are located immediately before the 
test-section inlet to monitor inlet conditions during operation and record them for 
each test. 
A diagram of the inlet connection is seen in Figure 3.4. The refrigerant passes 
through two fittings at the inlet to the capillary tube. The first is a flare fitting; these 
are used to connect the ends of both the capillary tube and the suction line to the 
rest of the test loop. This allows for quick, easy removal and installation of various 
test sections. Machined brass fittings are used to make the transition from 1/4-in. 
tube to the capillary tube. The ends of each tube slice into the holes in the ends of 
the fitting and are brazed into place. 
The temperature and pressure of the refrigerant exiting the capillary tube are 
measured in the same manner as at the inlet, except for the use of a different model 
pressure transducer. The flow is directed through either of two paths by a three-way 
valve located after the exit instrumentation. When running in adiabatic mode, the 
flow follows the straight path, bypassing the suction line. A sight glass is placed in 
this line to check for two-phase flow. Capillary-tube/suction-line heat exchange can 
be simulated by changing the orientation of the three-way valve. The flow enters a 
small tank which has an electrical resistance heater wrapped around the outside. 
The refrigerant is superheated in the tank to the temperature desired at the suction-
line inlet. The tank temperature and the suction-line inlet temperature are measured 
using thermocouple probes. A sight glass is situated slightly before the suction-line 
inlet to check for superheated flow. The temperature of the flow exiting the suction 
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loop. 
line is measured using another thermocouple probe. Valve V-3 is an access valve 
through which refrigerant can be added to the system while it is operating. The ball 
valve at the end of the suction-line assembly is the second of the two valves used to 
isolate the test ·section for removal and installation; the first is mentioned two 
paragraphs above this one. 
The refrigerant leaving the test section is partially condensed in heat exchanger 
HX4, conditioning it for entry into the pressure-setting tank (PST). The ball valve in 
the line with the heat exchanger and the metering valve in the line that bypasses it 
are adjusted to control the percentage of flow passing through the heat exchanger, 
thus setting the quality of the refrigerant entering the PST. 
Figure 3.5 shows the PST system in detail. The purpose of the PST is to 
maintain a constant pressure at the exit of the test section. This is accomplished by 
keeping the majority of the saturated refrigerant on the low-pressure side of the 
system at a constant temperature. Equilibrium thermodynamics dictate that the 
pressure will be constant in a saturated mixture at a constant temperature. 
The "tank-within-a-tank" design is similar to that of the PDT. The refrigerant 
flows through a coil of 1/4-in. copper tube, which is used to increase the heat-
transfer area within the tank. It then enters a small tank made from a length of ~ 1/8 
in. copper tube. Because the volume of the tank is large relative to the surrounding 
tubing, the refrigerant is expected to always be saturated, and the pressure in the 
surrounding section of the loop will correspond to the saturation temperature and 
pressure of the refrigerant in the tank. The PST system reacts to variations in 
charge, and to any other fluctuations, by simply changing the quality of the mixture in 
the tank while remaining in a saturated state. 
The ethylene-glycol/water mixture in the PST. is cooled by supply-loop heat 
exchanger HX3. A centrifugal pump (Gorman-Rupp, model 14520-216) pulls the 
mixture from the bottom of the 15-gal tank and pumps a portion of it through the heat 
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Figure 3.5 Diagram of system used to set capillary-tube exit conditions (pressure-setting tank, or PST). 
exchanger; the remainder flows through a bypass line. The flow control is similar to 
that employed in heat exchanger HX4 before the PST. The percentage of flow 
passing through the heat exchanger is controlled by adjusting the constriction of the 
needle valves in each line. When approaching the low temperatures required for 
running at test conditions, the entire flow is forced through the heat exchanger. 
When the temperature is near the operating condition, the needle valve in the 
bypass line is adjusted to set the temperature at the desired level. 
After exiting the PST, the refrigerant joins the flow from the pressure-setting 
bypass line and proceeds to the pump inlet. 
3.2 Control and Monitoring of Test Conditions 
The methods used to control the important test parameters are discussed in 
this section. There is no discussion of the control of exit conditions, which has 
already been covered in Section 3.1.2. 
3.2.1 Inlet Pressure 
Capillary-tube inlet pressure, inlet temperature, exit pressure, and suction-line 
inlet temperature are the four most important control pOints in our capillary-tube 
experimental facility. The test-section inlet pressure represents the condensing 
temperature in a refrigeration cycle, and must be held constant at a level typical of a 
domestic refrigerator compressor. Figure 3.6 depicts the inlet-pressure control 
scheme. The metering valve in the pressure-setting bypass line is used as a rough 
setting. As described in Section 3.1.2, increasing the constriction in the bypass line 
forces the discharge pressure to increase in order to maintain a constant volumetric-
flow rate. Maintaining subcooled liquid at the pump inlet places a restriction on the 
metering valve constriction, however: if the percentage of flow passing through the 
bypass line is too low, the amount of saturated refrigerant coming from the PST will 
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Figure 3.6 Schematic showing control scheme used to set capillary-tube inlet pressure. 
be too great to condense before the pump inlet. If a saturated condition occurs at 
the pump inlet, the metering-valve constriction must be decreased and the pump-
motor speed increased. 
The flow rate is proportional to the speed of the motor driving the diaphragm 
pump, which is in turn controlled using a solid-state speed drive (Toshiba, 
TOSVERT-130 G2) similar to the one used for the supply-loop 
compressor/condenser. When the motor speed is held constant, a constant 
volumetric-flow rate is maintained. As the motor speed increases, the ~Iow rate 
increases and a higher discharge pressure is reached in order to accommodate the 
new flow rate. The motor speed controller is used to fine-tune the inlet pressure 
when the system is running near the desired test conditions. The frequency output 
from the speed drive can be varied in 0.1 Hz increments over the full range of 60 Hz. 
Consequently, the flow rate can be controlled to within 0.2 % of full scale for a given 
flow resistance. The inlet pressure is monitored during system operation on a 
computer screen displaying the value read by the pressure transducer at the test-
section inlet. 
The use of the PDT system to reduce and monitor the pressure pulsations 
caused by the diaphragm pump is described in Section 3.1.2. Figure 3.7 shows the 
method used to control the tank temperature. Two thermocouples are positioned in 
the approximate center of the tank. One of these is connected to the controller, the 
other to the data acquisition system. The controller reads the thermocouple signal at 
its process-variable input (PV in) terminals and uses the deviation from the desired 
value to adjust the heater output according to a proportional-integral-derivative (PID) 
control scheme. The ac power to the heater is varied using time-proportioning 
control. The controller sends a 17 Vdc signal to a solid-state relay (SSR), allowing 
electric current to pass through the relay from the power source to the heater. When 
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the controller voltage signal is removed. the relay shuts off power to the heater. The 
controller activates the relay for a percentage of a cycle time (set by the user). thus 
controlling the percentage of full power sent to the heater. 
3.2.2 Inlet Temperature 
Two heat inputs are used to set the inlet temperature. An approximate setting 
is achieved by passing the refrigerant through heat exchanger HX5. A 40-W 
electrical heater is used to fine-tune the inlet temperature. This heating arrangement 
is detailed in Figure 3.B. The heat-exchanger arrangement contains elements of the 
PST and PDT. A 15-gal drum filled with an ethylene-glycol/water mixture is heated 
to a temperature slightly less than that desired at the test-section inlet. The heat is 
supplied by an immersion heater identical to the one used in the PDT. and controlled 
in the same manner. A centrifugal pump (Teel. model 1 PB08A) propels the warm 
mixture through HX5. The refrigerant temperature entering the test section is raised 
to the desired level using the 40-W tape heater, the output of which is controlled by 
an autotransformer (General Radio, Variac autotransformer W5HM). 
The output of the thermocouple probe located at the capillary-tube inlet is 
monitored during operation. 
3.2.3 Suction-Line Inlet Temperature 
The refrigerant entering the suction line should be vapor, superheated a few 
degrees above capillary-tube exit temperature, as it would be upon exiting an 
evaporator in a real system. Thus, the control system for suction-line inlet 
temperature must provide enough heat for evaporation of the liquid portion of the 
refrigerant exiting the capillary tube and for controlling the superheat. The suction-
line inlet is depicted in Figure 3.9. The saturated refrigerant leaving the capillary 
tube enters a small tank through the bottom. A 1.5-kW electrical resistance heater is 
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wrapped around the tank. The output to the heater is varied using time-
proportioning control in the same manner, and using the same type of controller, as 
the PDT. However, the percentage of power sent to the heater is set manually, 
rather than by a PIO control scheme. Enough heat is added to the tank to vaporize 
and slightly superheat the refrigerant. The superheated vapor then exits through the 
top of the tank. Two thermocouple probes and a sight glass are used to monitor the 
state of the refrigerant leaving the tank and entering the suction line. 
3.3 Instrumentation and Data Acquisition 
3.3.1 Instrumentation 
Table 3.1 lists the measurement devices and their locations. 
A coriolis-type flow meter (Micro Motion, model OS012S100) is used to 
measure mass flow. Approximately 10ft of 1/4-in. copper tube lie between the 
mass-flow meter and the capillary-tube inlet, but under steady-state test conditions 
the mass flow read by the meter is the same as that through the capillary tube. 
The pressure transducers are located approximately 2 in. away from the inlet 
and exit of the capillary tube. The inlet transducer has a male NPT fitting, which is 
threaded into a copper fitting (the threads are sealed with refrigerant epoxy). The 
copper fitting is brazed into a tee in the inlet line. Because the flow rate in the tube 
adjacent to the inlet is relatively slow, the large opening to the transducer provided 
by the tee is assumed not to cause significant flow disturbance. 
More care was taken not to disturb the higher-velocity exit flow with the exit 
pressure tap. A small hole was drilled in the 1/4-in. tube next to the test-section exit. 
A 114-in. hole was bored through the center line of a cylindrical brass plug the same 
size as the one used to make the brass fitting for the capillary tube inlet connection. 
A 1/B-in. hole was drilled, in a radial direction, from the ouside surface of the brass 
cylinder into the center. The brass fitting was then slid over the 114-in. copper tube 
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Table 3.1 Description of measurement devices in test facility and their 
make, model, and application in the system. 
Instrument Description Make/Model Location(s) 
Mass-flow meter Coriolis type Micro Between pump and Motion/DS012S100 test section 
Pressure Absolute pressure Setral280E Test-section inlet transducer 
Pressure Gauge pressu re Setral206 Test-section exit transducer 
Test-section inlet, 
Test-section exit, 
Thermocouple Type T, immersion OmegalTMTSS- Suction-line inlet, Suction-line exit, probe 062 Suction-line heating 
tank, PST inlet, 
mass-flow meter 
Pump inlet, PDT 
(2), PST (2), Test-
section-inlet 
Thermocouple Type T, tube heating tank (2), -- Before and after all surface 
supply-loop heat 
exchangers, 
compressor inlet 
port 
Pump suction, PDT 
exit, Capillary-tube 
Pressure gauge Bourdon-tube J/B Industries inlet, Suction-line 
exit, Compressor 
suction and 
discharge 
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near the exit of the capillary tube in such a way that the 1 IS-in. hole was aligned with 
the small hole drilled into the tube for the pressure tap. A length of 1/S-in. tube was 
then inserted into the 1/S-in. hole in the brass fitting over the pressure tap hole. The 
entire assembly is brazed into place. The exit-pressure transducer is connected to 
the 1 IS-in. tube in the same manner as at the inlet. 
The exit-pressure transducer can be isolated from the system by a ball valve. 
The small volume formed around the pressure transducer when the ball valve is 
closed is accessed by a service valve. This arrangement was devised as a means 
of checking, and adjusting if necessary, the zero point of the Setra 206, which has 
been found to drift occasi"onally. To do this, the ball valve is shut and the service 
valve opened. The pressure transducer, now exposed to atmospheric pressure, can 
be checked and re-zeroed. Once this is done, a vacuum is pulled on the volume 
around the transducer, the service valve is closed, and the ball valve opened. 
The Omega thermocouple probes are used at places in the loop where it is 
desirable to" have an accurate reading of the actual refrigerant temperature, as 
opposed to using surface thermocouples for less accurate readings at pOints which 
are not as critical (see next paragraph). The probes have a 1/16-in. stainless steel 
sheath which is inserted into the flow path via a 1/16-in. compression fitting. This 
fitting is threaded into a copper adaptor which is brazed into the test loop. "The 
probes are used at the important data collection points: capillary-tube inlet and exit, 
and suction-line inlet and exit. They are also located to monitor the temperature in 
the suction-line heating tank, and to ensure liquid flow at the mass-flow meter and 
saturated flow at the inlet of the PST. 
The surface thermocouples were welded using a thermocouple welder in the 
lab. Epoxy is used to fasten them to the surface of copper tubes at locations on both 
the supply and test loops where approximate temperature readings are deemed 
necessary. These locations include the inlet to the diaphragm pump, the inlets and 
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exits of all the supply-loop heat exchangers, and the supply-loop compressor 
suction-line. Welded thermocouples are immersed in the PDT, PST, and the tank 
used to control test-section inlet temperature (TSIT). These have their ends coated 
in a plastic compound to prevent water from getting inside the thermocouple wire 
insulation and entering the data acquisition system or the controllers. 
3.3.2 Calibration 
A summary of the errors associated with each instrument is found in Table 3.2." 
At least one of each type of thermocouple was calibrated over 24 temperature 
points. The calibration incorporated the data acquisition system in order to 
approximate the conditions that occur during actual test facility operation. The data 
acquisition unit (see Section 3.3.3) has an internal thermocouple voltage-to-
temperature conversion. The thermocouples were placed in an isothermal 
calibration bath along with an ASTM-grade, NIST-traceable calibration thermometer. 
At each of the 24 points, the thermometer and thermocouple temperatures were 
recorded. The thermometers were of the total-immersion type, which, for accurate 
measurements, require the thermometer to be submerged so the top of the mercury 
column is within 12 mm of the surface of the fluid whose temperature is I;>eing 
measured. The configuration used for the calibration did not allow for this, so a stem-
correction factor was applied to each of the recorded thermometer temperatures 
accounting for the height of the mercury column not submerged and the ambient 
temperature that height was exposed to. The deviations between the thermocouple 
temperature readings and the thermometer value were used to calculate the 
standard deviation for each type of thermocouple. The thermocouples were all 
found to be accurate to within ± 0.4 of with 95% confidence. 
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Table 3.2 Summary of instrument errors. 
Description Error (95% confidence) 
Mass-flow meter 0.084 Ibm/hr 
Setra 280E pressure transducer 0.42 psi 
(test-section inlet) 
Setr 206 pressure transducer 0.68 psi 
(test-section exit) 
Thermocouple 0.4 of 
(Type T, 24 gauge, immersion probe) 
Thermocouple 0.4 of 
(Type T, 30 gauge, welded) 
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The mass-flow meter was factory calibrated. The results are given as percent 
error vs. percent of full scale flow capacity. The errors become progressively higher 
toward the low end of the flow range. A conservative estimate of error was 
employed in data reduction: the highest expected percentage of error 
(corresponding to the lowest expected flow rate) was multiplied by the highest flow 
rate observed during testing. This absolute error value was 0.084 Ibm/hr. 
The pressure transducers were calibrated using a dead-weight tester. 
Tables 3.3 and 3.4 show the error calculations for the inlet and exit pressure 
transducers, respectively. A curve fit for converting the pressure transducer voltage 
signals into pressures was calculated and the resulting values compared to the 
actual values. The deviations at each of the calibration points were used to calculate 
the error associated with each instrument. The 95% confidence errors were 0.42 psi 
for the inlet transducer and 0.68 psi for the exit transducer. 
3.3.3 Data Acquisition System 
Figure 3.10 shows the data acquisition system. The datalogger (Campbell 
Scientific, 21 X Micrologger) is the central piece in the data collection system. It 
receives voltage signals, converts them into physical values using either its own 
programs or those input by the operator, and stores the final values. It then 
transmits the values to an IBM PC where they are either viewed in real-time or 
recorded as one-minute averages. To accommodate all of our instruments we used 
the datalogger in conjunction with a multiplexer (Campbell Scientific, AM 416). 
The datalogger can be programmed directly, but is programmed remotely in our 
case using the PC. A program is downloaded from the PC to the datalogger that 
initiates and controls its operation. Once in operation, the datalogger repeatedly 
scans its eight input terminals. The mass-flow meter, inlet-pressure transducer, and 
exit-pressure transducer are connected to terminals 1, 2, and 4, respectively. 
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Table 3.3 Setra 280E pressure transducer (test-section inlet) calibration 
data. 
Pressure from calibration Actual pressure Error 
Table 3.4 
curve fit 
(psig) (psig) (psig) 
-0.34 -0.3 0.04 
50.55 50.5 0.05 
99.57 99.3 0.27 
149.84 150.3 0.46 
200.42 200.3 0.12 
250.37 250.3 0.07 
300.33 300.3 0.03 
350.28 350.3 0.02 
Standard deviation: 0.21 psig 
Overall error (95% confidenoe): 0.42 psig 
Setra 206 pressure transducer (test-section exit) calibration 
data. 
Pressure from calibration Actual pressure Error 
curve fit 
(psig) (psig) (psig) 
16.0 16.1 0.1 
26.1 26.3 0.2 
37.7 38.1 0.1 
50.8 50.7 0.2 
75.4 75.2 0.0 
89.9 89.9 0.0 
104.0 103.9 0.1 
120.0 119.9 0.1 
Standard deviation: 0.34 psig 
Overall error (95% confidence): 0.68 psig 
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Figure 3.10 Schematic showing layout of data acquisition system. 
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Terminals 5 and 6 receive input from 32 thermocouples through the 
multiplexer. The multiplexer is controlled entirely by datalogger outputs and is 
powered by the 12 Vdc output of the datalogger. The datalogger control port sends 
a signal that activates the multiplexer. The voltages at terminals 1 and 2 of the 
multiplexer are then read into terminals 5 and 6, respectively, of the datalogger. 
Each excitation pulse from the datalogger causes the multiplexer to read voltages 
from two new terminals. 16 pairs of thermocouple voltage signals are input to the 
datalogger through terminals 5 and 6 and are placed in sequential input-memory 
locations. Then the control port ceases its output and the trail edge of its signal 
causes the multiplexer to deactivate and reset to its first two terminals. 
Terminals 7 and 8 of the datalogger are reserved for additional thermocouples. 
Typically the system parameters are viewed in real-time from start-up until the 
system reaches equilibrium at a test condition. At that time, the instrument readings 
are viewed and recorded as one-minute averages in a data me. 
This experimental facility is the only one of its kind for capillary-tube research. 
Because of the use of a pump in a closed-system, oil concentration can be 
independently controlled and equilibrium test conditions maintained indefinitely. The 
entire facility is designed for a large range of operating conditions and a variety of 
test-section configurations. 
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Table 4.1 Target test conditions. 
Pin (Tcond) Tsc 
[psig] ([oF]) (OF) 
171.7 (120) 5 
10 
134.7 (105) 5 
10 
103.9 (90) 2 
5 
10 
For all cases: 
Tevap (OF) = -5 
Tsli (OF) = 5 
Table 4.2 Data for non-adiabatic flow of R-134a in a capillary tube 
(length=74 in., 1.0.=0.031 in.) . 
Pcti Tcond Tsc . Tcte Pete Tsli m 
(psig) (OF) (OF) (Ibm/hr) (OF) (psig) (OF) 
171.8 120 5.7 15.45 -5.1 4.3 6.6 
171.6 120 9.2 16.02 -4.5 4.5 7.4 
135.1 105 5.4 14.90 -4.0 4.9 8.2 
135.4 105 8.3 15.30 -5.4 4.3 6.5 
103.9 90 2.3 10.91 -4.6 4.8 4.7 
103.9 90 5.0 12.77 -5.1 4.5 4.7 
103.8 90 9.4 12.03 -4.9 4.6 4.4 
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4. EXPERIMENTAL RESULTS AND ANALYSIS 
This chapter describes the data taken in this study. A set of data using R-134a 
is used to evaluate the performance of the test facility and to qualitatively analyze 
non-adiabatic capillary-tube flow. 
4.1 Description of Test Section 
The test section used to take the data for our study is of the surface-mounted 
type (as opposed to concentric). This means that a length of the capillary tube is 
soldered to the surface of the suction line. The capillary tube itself has an inside 
diameter of 0.031 in. and is 74 in. long. The inside diameter was measured using 
the same method as was used by Mikol (1963). The tube was weighed dry, then 
filled with water and reweighed. The mass of the water contained in the capillary 
tube was used to calculate the internal volume. The inside diameter of the tube was 
then easily calculated using the density of water and the length of the tube as inputs. 
The suction-line heat exchange length is 40 in. The heat exchange section 
begins 20 in. from the capillary-tube inlet. The suction line itself is standard 3/8 in. 
0.0. copper tube. 
4.2 Experimental Results 
4.2.1 Capiliary-Tube/Suction-Line Heat Exchange Data 
The target conditions for the data taken in our study are shown in Table 4.1. 
The capillary-tube inlet pressures (Pctj) were set to correspond with condensing 
temperatures (T cond) of 90 of, 105 of, and 120 of. For each inlet pressure, two 
levels of subcooling (Tsc), 5 OF and 10°F, were tested, ~xcept for the T cond = 90 of 
case, which includes a 2 of subcooling point. The exit, or "evaporator", temperature 
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(T evap) and the temperature at the suction-line inlet (T sli) were kept at -5 of and 5 
of, respectively. These conditions were chosen to approximate conditions which 
exist in domestic refrigerators. 
The actual data points are seen in Table 4.2. Pcti is the capillary-tube inlet 
pressure, which is set according to the condenser operating conditions we wished to 
simulate. Tcond denotes "condensing temperature", which is somewhat of a 
misnomer in that there.is not an actual condenser in the system. It is listed to let the 
reader know what condensing temperature the capillary-tube inlet pressure 
corresponds to in an actual refrigerator. T sc is the level of subcooling present at the 
inlet to the capillary tube. The refrigerant mass flow rate is signified by m. T cte and 
Pcte refer, respectively. to capillary-tube exit temperature and pressure. which are 
set to simulate evaporator conditions. T sli denotes suction-line inlet temperature. 
Test conditions were targeted to simulate domestic refrigerator operating 
conditions. The inlet. or "condenser". conditions are realistic. Because refrigerators 
operate with.low levels of subcooling at the capillary-tube inlet. the subcoolingin the 
experiment was kept below 10°F. The capillary-tube exit. or "evaporator". 
temperatures and pressures are somewhat higher than those observed in domestic 
systems. This was intentionally done to avoid cavitation at the diaphragm-pump 
inlet. which dramatically decreases the life of the diaphragm and causes unstable 
pump output. By keeping the exit pressu're slightly higher than that in a "standard" 
evaporator. the refrigerant at the pump inlet was be kept highly subcooled. 
However. the test facility is capable of operating at capillary-tube exit temperatures 
of slightly less than -20 of. The final measurement shown is T sli. the suction-line 
inlet temperature. This was maintained at a condition approximating 10°F of 
superheat at the evaporator exit. 
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4.2.2 Data Reduction and Analysis 
A computerized data reduction program was used to process the raw data and 
return average values along with their associateq errors. The errors were calculated 
based on the absolute error associated with each instrument, the relative error 
caused by the inaccuracies inherent in the datalogger, and the statistical error of the 
individual data points for each set of test conditions. A file assigning the instrument 
errors (see Table 3.2) to the proper datalogger channels and also attributing the 0.05 
% error inherent in the datalogger to each of the channels is an input to the data 
reduction program. The other input used in this experiment is the raw data, recorded 
as 1-min. averages over the time period the facility was operating at a test condition. 
Tables containing the raw data can be seen in· the Appendix. The data reduction 
program calculates the mean of the 1-min average measurements for each 
instrument. It also computes the error associated with each instrument, taking into 
account both the measurement error due to the inaccuracies in the data acquisition 
process, and the statistical error due to the deviation of each of the individual 1-min. 
values from the mean of the values recorded by that instrument. The program 
excludes outlying measurements from the final averaging process on the basis of 
Chauvenet's criterion for data rejection. 
Tables 4.3 through 4.9 show the outputs of the data reduction program for each 
set of test conditions. The columns in each table contain a brief description of the 
measurement, the value of the measurement, the total error (as described in the 
previous paragraph), the units associated with each value, the total number of data 
points averaged, and the number of outliers (see last paragraph). 
Table ~.3 lists data for Test Condition 1 (T cond = 120 OF; T sc = 5 OF). 16 
measurements were averaged to get the values in Table 4.3. The mass-flow rate is 
denoted by rh, and is measured in Ibm/hr. The error, 0.299 Ibm/hr, is significantly 
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Table 4.3 
Description 
. 
m 
Peti 
Pete 
Teti 
Tete 
Tsli 
Tste 
Tstht 
Tpump 
TpOT 
Tmass 
TpSTi 
TpST 
Test 
TTStT 
Tamb 
Reduced data for Test Condition 1 {T cond = 120 of, 
Tsc= 5 OF}. 
Value Error Units Total Outliers 
15.452 0.299 Ibm/hr 16 1 
171.794 0.515 psig 16 '0 
4.306 0.69 psig 16 0 
114.475 0.459 of 16 0 
-5.08 0.459 OF 16 0 
6.569 0.427 OF 16 0 
81.188 0.48 of 16 0 
-4.33 0.456 of 16 0 
-30.96 0.419 of 16 0 
124.169 0.463 of 16 0 
32.961 0.613 of 16 0 
-13.851 0.423 of 16 0 
-17.056 0.435 OF 16 0 
-41.446 0.422 of 16 0 
119.406 0.473 of 16 0 
71.525 0.437 of 16 0 
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Table 4.4 
Description 
. 
m 
Peti 
Pete 
Teti 
Tete 
Tsli 
Tsle 
Tslht 
Tpump 
TpDT 
Tmass 
TpSTi 
TpST 
Tesl 
TTSIT 
Tamb 
Reduced data for Test Condition 2 (T cond = 120 of, 
T sc = 10 OF). 
Value Error Units Total Outliers 
16.023 0.103 Ibmihr 8 0 
171.587 0.516 psig 8 0 
4.503 . 0.689 psig 8 1 
110.963 0.487 of 8 0 
-4.518 0.443 of 8 1 
7.446 0.443 of 8 0 
79.387 0.51 of 8 0 
-3.088 0.53 of 8 0 
-32.236 0.426 of 8 0 
123.8 0.462 of 8 0 
81.088 0.557 of 8 0 
75.9 0.438 OF 8 0 
-23.389 0.413 of 8 0 
-44.049 0.423 of 8 0 
115.225 0.451 of 8 0 
71.45 0.438 of 8 0 
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Table 4.5 
Description 
. 
m 
Peti 
Pete 
Teti 
Tete 
Tsli 
Tsle 
Tslht 
Tpump 
TpDT 
Tmass 
TpSTi 
TpST 
Tesl 
TTSIT 
Tamb 
Reduced data for Test Condition 3 (T cond = 105 of, 
Tsc = 5 OF). 
Value Error Units Total Outliers 
14.8975 0.0941 Ibm/hr 16 0 
135.081 0.491 psig 16 0 
4.948 0.685 psig 16 0 
99.963 0.453 of 16 0 
-4.045 0.422 of 16 0 
8.228 0.463 of 16 0 
72.994 0.45 of 16 0 
-2.511 0.573 of 16 0 
-31.534 0.418 of 16 0 
108.481 0.455 of 16 0 
-18.399 0.411 of 16 0 
72.269 0.438 of 16 0 
-21.927 0.411 of 16 0 
-44.173 0.424 of 16 0 
103.1437 0.473 of 16 0 
69.844 0.436 of 16 0 
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Table 4.6 
Description 
. 
m 
Peti 
Pete 
Tcti 
Tete 
Tsli 
Tsle 
Tslht 
Tpump 
TpDT 
Tmass 
TpSTi 
TpST 
Tcsl 
. TTSIT 
Tamb 
Reduced data for Test Condition 4 (T cond = 105 of, 
Tsc = 10 OF). 
Value Error Units Total Outliers 
15.2979 0.0995 Ibm/hr 14 0 
135.429 0.529 psig 14 0 
4.327 0.69 psig 14 0 
97.029 0.587 OF 14 0 
-5.352 0.462 OF 14 0 
6.538 0.529 OF 14 0 
70.672 0.609 OF 14 1 
-4.39 0.44 OF 14 0 
-31.81 0.436 OF 14 0 
107.471 0.457 OF 14 0 
-19.628 0.41 OF 14 1 
69.402 0.492 OF 14 0 
-21.646 0.413 OF 14 0 
-44.404 0.427 OF 14 0 
100.236 0.472 OF 14 0 
70.1 0.437 OF 14 0 
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Table 4.7 
Description 
. 
m 
Peti 
Pete 
Teti 
Tete 
Tsli 
Tsle 
Tslht 
Tpump 
TpDT 
Tmass 
TpSTi 
TpST 
Tcsl 
TTSIT 
Tamb 
Reduced data for Test Condition 5 (Tcond = 90 of, 
Tsc = 2 OF). 
Value Error Units Total Outliers 
10.912 0.116 Ibm/hr 17 0 
103.935 0.482 psig 17 0 
4.781 0.692 psig 17 1 
87.624 0.445 of 17 0 
-4.608 0.468 OF 17 1 
4.67 0.534 OF 17 0 
64.002 0.447 OF 17 0 
-5.374 0.474 OF 17 1 
-36.849 0.433 OF 17 0 
94.588 0.448 OF 17 0 
-14.881 0.418 OF 17 0 
67.666 0.434 OF 17 1 
-16.104 0.412 OF 17 0 
-44.662 0.423 OF 17 0 
84.5 0.442 OF 17 0 
68.683 0.438 OF 17 1 
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Table 4.8 
Description 
. 
m 
Peti 
Pete 
Teti 
Tete 
Tsli 
Tsle 
Tslht 
Tpump 
TpDT 
Tmass 
TpSTi 
TpST 
Tesl 
TTSIT 
Tamb 
Reduced data for Test Condition 6 (T co nd = 90 of, 
Tsc = 5 OF). 
Value Error Units Total Outliers 
12.7723 0.0975 Ibm/hr 22 0 
103.886 0.503 psig 22 0 
4.545 0.697 psig 22 1 
84.614 0.445 of 22 0 
-5.113 0.499 of 22 1 
4.709 0.591 of 22 0 
62.775 0.457 of 22 0 
-5.876 0.534 of 22 0 
-37.013 0.435 .oF 22 0 
94.795 0.447 of 22 0 
50.586 0.443 OF 22 0 
67.185 0.434 of 22 1 
-14.955 0.526 of 22 1 
-44.405 0.424 of 22 0 
86.027i3 0.473 of 22 0 
69.756 0.435 OF 22 0 
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Table 4.9 
Description 
. 
m 
Peti 
Pete 
Teti 
Tete 
Tsli 
Tsle 
Tslht 
Tpump 
TPDT 
Tmass 
Tpsn 
TpST 
Tesl 
TTSIT 
Tamb 
Reduced data for Test Condition 7 (T co n d = 90 of, 
Tsc = 10 OF). 
Value Error Units Total Outliers 
12.0315 0.0932 Ibm/hr 13 ·0 
103.792 0.479 psig 13 0 
4.558 0.697 psig 13 0 
80.246 0.441 OF 13 0 
-4.924 0.503 OF 13 0 
4.398 0.529 OF 13 1 
59.807 0.446 OF 13 1 
-5.735 0.534 OF 13 0 
-36.981 0.423 OF 13 0 
94.7 0.447 OF 13 0 
10.071 0.803 OF 13 0 
65.015 0.438 OF 13 0 
-20.233 0.415 OF 13 1 
-43.359 0.422 OF 13 1 
80.9231 0.454 OF 13 0 
69.238 0.435 OF 13 0 
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higher than the measurement error associated with the mass-flow meter and. the 
datalogger. and also much higher than the mass-flow rate errors for any of the other 
test cases. This indicates that the error is attributable to statistical error caused by 
the scatter among the 16 readings. In this case, as in several instances during 
qualitative analysis of operating conditions, the mass-flow rate is unsteady. This is 
appears to be an occurrence of the same type of pulsating flow observed by Cooper 
(1957). Mikol (1963), and Scott (1976). The pulsating flow condition is characterized 
by an unsteady vaporization location. 
Pcti and Pcte represent capillary-tube inlet and exit pressures, respectively, 
measured in psig. T cti and T cte are the capillary-tube inlet and exit temperatures. 
The exit pressure and temperature correspond to the evaporator conditions in an 
actual refrigerator. T sli and T sle are the suction-line inlet and exit temperatures. 
The rest of the measurements are from those instruments used to monitor system 
operation. T pump is the temperature at the inlet to the diaphragm pump, used to 
determine whether the levei of subcooling was sufficient to avoid cavitation in the 
pump head. For most operating conditions,.the pump inlet pressure was close to 0 
psig, so the -31°F value signifies at least 15 of subcooling. TpDT is the temperature 
of the ethylene-glycol/water mixture in the pressure pUlsation-dampening tank. The 
temperature averaged 4 of above saturation temperature for the refrigerant in the 
tank, so the desired vapor buffer between the pump and the capillary-tube inlet was 
present. This was confirmed by the stability of the PDT Bourdon-tube pressure 
gauge needle. The temperature at the mass-flow meter, T mass, definitely ensures 
a subcooled state. T PSTi and T PST are the temperatures at the inlet to the pressure-
setting tank and in the PST itself. T csl is the temperature of the refrigerant entering 
the supply-loop compressor (csl = compressor suction line). This is one 
measurement used to monitor supply-loop operation and performance. The 
temperature of the ethylene-glycol/water mixture in the tank used in to control test-
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section inlet temperature is denoted by T TSIT (TSIT = test section inlet-heating tank). 
By comparing TTSIT to T cti, the heat loss between the heat exchanger and the test-
section inlet can be evaluated. T amb is a measurement of the ambient temperature 
in the lab. Tables 4.4 through 4.9 follow the same format as Table 4.3. 
One goal of the data analysis was to relate the mass-flow rate to inlet 
subcooling; Figure 4.1 plots this relation. The points taken for Tcond = 105 ° and 
120 of behave as expected: the mass-flow rate increases slightly as capillary-tube 
inlet subcooling is increased. As the inlet subcooling increases, the liquid length in 
the capillary tube increases as well. Because the friction factor for liquid flow is less 
than that for two-phase flow, the overall friction factor decreases, allowing more 
refrigerant mass flow for the given pressure drop. The rate of change in mass flow is 
1.03 %/oF subcooling for Tcond = 120 of and 0.91 %/oF for Tcond = 105 of. 
The T cond = 90 of condition did not exhibit the predicted behavior. Not only 
did the mass-flow rate values not increase with increased subcooling, but also the 
change in mass-flow rate between points is significantly larger than in the first two 
condensing conditions. Figure 4.2 shows one possible reason for this deviation from 
predicted behavior. Mass-flow rate is plotted as a function of capillary-tube exit 
pressure. If the exit flow is choked, as was assumed, the exit pressure has Ii!tle, if 
any, effect on flow rate. The case for Tcond = 120 OF shows an increase in flow rate 
as exit pressure decreases, which would not occur if the change in exit pressure 
were solely responsible for the change in flow rate. The increase in flow rate, then, 
is probably due to the change in inlet subcooling. A line drawn through the two 
points from the T cond = 105 OF case is almost flat, so again, the change in pressure 
does not significantly affect the results. However, for the Tcond = 90 OF case, the 
mass-flow rate appears to steadily decrease as exit pressure is increased, which 
indicates that exit pressure is probably a stronger factor in 
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Figure 4.1 Plot of mass-flow rate vs. capillary-tube inlet subcooling, simulating 
condensing temperatures of 90 of, 105 of, and 120 of. 
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Figure 4.2 Plot of mass-flow rate vs. capillary-tube exit pressure, simulating 
condensing temperatures of 90 of, 105 of, and 120 of. 
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determining mass-flow rate at this condition than inlet subcooling. It is possible then, 
that a critical-flow condition does not exist at the exit of the capillary-tube at the 
lowest flow rate for this set of data. 
One of the phenomena noted during qualitative evaluation of test facility 
performance is recondensation of refrigerant slightly before the capillary-tube exit. 
This occurred when the system was operating at a condition equivalent to that which 
occurs in an actual system if refrigerant exits the evaporator in a saturated state. 
When the experimental facility was approaching operating conditions, the heat input 
to the refrigerant entering the suction line was kept low. As a result, two-phase flow 
existed through the entire segment between the capillary-tube exit and the suction-
line inlet. The pressure drop between these two points caused the suction-line inlet 
temperature to be lower than the saturation temperature at the capillary-tube exit. 
The cold, two-phase refrigerant entering the suction line cooled the refrigerant near 
the exit of the capillary-tube, resulting in exit temperature values below saturation 
temperature according to the pressure read by the exit pressure transducer. This 
suggests that during off-deSign operation, the evaporator might act to continue the 
throttling process taking place in the capillary tube. This scenario almost certainly 
will not occur in a well-designed system, but if the system were overcharged or the 
evaporator load much lower than expected, refrigerant might conceivably 
recondense near the capillary-tube exit. 
The test conditions run during this experiment were primarily for validation of 
the experimental apparatus, so conclusions drawn from them pertaining to capillary-
tube flow characteristics are by no means conclusive. However, the data are useful 
in evaluating the performance of the test facility and do suggest that some 
phenomena are probably occurring which need to be investigated more thoroughly. 
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4.3 Observations of Operating Characteristics 
As mentioned earlier, the full set of data taken during operation at each test 
condition is shown in the Appendix. These data, and observations made during 
system operation, are qualitatively analyzed in this. section to gain insight into the 
operating characteristics of the experimental facility. 
4.3.1 Control of Exit Pressure 
The main drawback of the system is the effect of the suction-line' heating 
system on capillary-tube exit pressure. Figure 4.3 is a modified version of Figure 3.2 
showing the test loop, which can be used for reference in the following section. The 
use of the pressure-setting tank (PST) to control capillary-tube exit pressure is 
discussed in Section 3.1.2. Although this control strategy is viable, as observed 
during adiabatic operation (Johnson, 1993), the present test-loop configuration 
renders the PST ineffective when operating in non-adiabatic mode. The reason for 
this is the configuration of the control apparatus for setting suction-line inlet 
temperature. The small tank that retains two-phase refrigerant for heating is 
effectively performing the same task that the PST is designed for. The capillary-tube 
flow rates are low enough that the refrigerant is relatively stagnant in the tank. As 
the heat input is increased, the temperature in the tank increases while in an 
equilibrium state. This results in an increase in pressure. As the heating-tank 
pressure increases, the capillary-tube exit pressure must also increase to maintain 
positive flow. This adjusts the mass flow rate, and the chain continues until the 
system comes to a new equilibrium point, offset from that desired for the data point 
to be taken. 
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Figure 4.3 Modified version of test-loop schematic, showing only non-adiabatic mode of operation. 
This phenomenon makes the data acquisition process lengthy and tedious. In 
order for the correct suction-line inlet superheat to be attained, an interative process 
has to be performed. With the present configuration, the inlet superheat is extremely 
sensitive to refrigerant charge. The portion of the test loop between the diaphragm 
pump discharge and the capillary-tube inlet is filled with liquid refrigerant during 
steady-state operation, with the exception of the pocket of vapor in the PDT, which is 
kept at a constant temperature. This means that the mass of refrigerant in that part 
of the loop does not change. Adding or removing charge from the test loop, then, 
results in a change of overall two-phase quality in the portion of the loop between the 
capillary-tube exit and the diaphragm-pump suction. When the system is 
overcharged, two-phase flow can exist in the entire low-pressure side of the test 
loop. As the charge is reduced, the liquid refrigerant tends to concentrate in the 
colder points in the low-pressure side of the test loop: the PST and the heat 
exchanger responsible for subcooling the refrigerant prior to the pump inlet. This 
leaves less refrigerant, at a higher quality, in the rest of the low-pressure side. 
Eventually, some pOint between the capillary-tube inlet and the PST becomes 
superheated. Further reduction in charge causes growth of this superheated region, 
which can be observed when the temperature of the refrigerant leaving the suction 
line begins to increase. Charge reductions and adjustments to suction-line inlet heat 
input are alternated until the superheated region grows to the point where the 
desired level of superheat is achieved at the suction-line inlet. This process took as 
long as 14 hrs for one set of operating conditions. 
A solution to this problem is to put the PST between the capillary-tube exit and 
the suction-line inlet. Saturated vapor can then be drawn from the top of the PST 
refrigerant tank and heated as it flows through the tube between the PST and the 
suction-line inlet. The challenge is to configure this new arrangement in a way that 
will provide a minimal pressure drop between the capillary-tube exit and pump inlet, 
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in order to simulate the lowest possible evaporator temperatures/pressures. Another 
consideration is the cooling of the refrigerant vapor flowing from the exit of the 
suction line to the diaphragm pump. Under the present conditions, this refrigerant is 
being cooled in the PST prior to being mixed with the refrigerant flowing through the 
pressure-setting bypass line. Care must be taken to ensure that system changes do 
not cause cavitation in the pump head at operating conditions. 
The control of the PST conditions will become critical if these changes are 
made. The PST was not monitored closely while data was taken for this experiment, 
because PST conditions did not affect capillary-tube exit conditions. Although the 
temperature level was not carefully controlled, the data in the Appendix show that 
over the course of a test run, PST temperature can be maintained within a few 
tenths of a degree Fahrenheit. 
4.3.2 Alterations to Test-Section Inlet Temperature Control Scheme 
The tank-and-heat-exchanger arrangement (see Figure 3.8, Section 3.2.2) used 
for heating refrigerant prior to the test-section inlet was originally intended to be the 
only control. This proved to be an effective method until low levels of subcooling 
were attempted. Because of the large volume of fluid in the tank, the heater-control 
system takes a long time to come to equilibrium. The temperature is stable within 
the time-frame of each data acquisition period, but not on a longer time scale. The 
data in the Appendix show the tank temperature at 1-min intervals for the entirety of 
each test run. Over a time period on the order of a few hours, the tank temperature 
was observed to fluctuate as much as 3 OF from the setpoint. At low levels of 
subcooling, the peak temperatures in the tank were higher than test-section inlet 
saturation temperature. At these conditions, the refrigerant boiled in the heat 
exchanger, dramatically changing inlet conditions and mass-flow rate. The low-
power heater was added just before the test-section inlet as a means of addressing 
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this problem. The tank-temperature setpoint was thereafter set so peak tank 
temperatures never resulted in saturated refrigerant conditions. The electric heater 
is used to bring the temperature up to the desired level. This configuration allows 
steady, subcooled-inlet operation at subcooling levels below 5 OF and was only 
employed for Test Condition 5 where the subcooling is 2.4 OF. 
4.3.3 Operating Characteristics of Test Facility During Start-Up Procedures 
The first step in facility start-up is to bring all the ethylene-glycol/water tanks 
used for temperature control to the temperature prescribed for that test condition. 
The PDT and TSIT are warmer than ambient, so they are maintained at the desired 
temperature at all times. The PST is maintained at a cold temperature via heat 
exchange with the supply-loop refrigerant, so the supply loop must be started before 
the test loop can run. 
The supply loop must be watched closely during the time shortly after it is 
started. Tne compressor in the supply loop has protective circuitry that will 
automatically cause it to shut off if suction pressure is too low or if liquid is entrained 
in the vapor in the suction line. During operation shortly after start-up, the expansion 
valves must be monitored, and adjusted if necessary, to keep the suction-line 
pressure close to 0 psig. 
When PST temperature is high, much of the supply-loop capacity must be 
dedicated to the heat exchanger cooling it. Because most of the supply-loop 
capacity is needed to subcool the refrigerant in the pressure-setting bypass line, the 
PST temperature must be reduced to a level that allows a sufficient portion of the 
refrigerant flow to be diverted to the heat exchanger in the pressure-setting bypass 
line. 
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Once near-equilibrium conditions have been reached in the PST and supply 
loop, the diaphragm pump can be started. Prior to starting the diaphragm pump the 
portion of the test loop between the diaphragm-pump discharge and the capillary-
tube inlet contains a large percentage of vapor, due to the high temperatures in the 
PDT and TSIT. This high-pressure side of the test loop must be filled with liquid, 
except for the PDT, before steady-state operation can be reached. The diaphragm 
pump forces liquid refrigerant into this portion of the loop. However, the flow of liquid 
into the high-pressure side of the loop is not steady. Rather, liquid surges toward 
the capillary-tube in large amounts, only to have the liquid volume in that part of the 
loop decrease as the system balances the charge. If one attempts to force liquid 
into the inlet section too fast, a liquid column will break through the PDT causing 
violent vibrations in the tubing. This results in unwanted fatigue in the connections. 
A level of pump speed and pressure-setting bypass constriction must be set that 
minimizes the time taken to fill the high-pressure side of the test loop with liquid 
while also minimizing the magnitude of vibration. The test-loop takes a considerable 
amount of time after pump start-up before steady-state operation is reached. 
The test facility has proven its effectiveness in simulating realistic non-adiabatic 
capillary-tube operation. The qualitative analysis of the results points out a number 
of non-adiabatic capillary-tube flow phenomena that require further investigation. 
The present experimental facility will require minor modifications, but will be useful 
for performing much of this future work. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
The capillary tube is established as the expansion device of choice in domestic 
refrigerators and many other refrigerator systems. Because of its simplicity, low 
cost, durability, and other desirable characteristics, it will retain this role in 
refrigerators. However, despite the outward simplicity, many complicated flow 
phenomena occur the capillary tube, especially in the two-phase region. 
The lack of detailed knowledge about the exact flow characteristics in capillary 
tubes has limited the accuracy of models for selecting optimum capilrary-tube 
geometries to first-order approximations. The ASHRAE charts and experimental 
. testing remain the cornerstones of selection methods used in industry. Theoretical 
models for evaluating optimal capillary-tube geometries have been formulated and 
even computerized, but without making significant progress in accuracy. 
Recent developments in the standards driving refrigerator design have 
underscored the need for new selection methods. New energy-efficiency 
requirements make all existing prediction methods obsolete. Capillary tubes suffer a 
severe drop in performance away from their optimum design conditions. Thus, in 
order to cut the high cost of experimental research used for capillary-tube selection, 
and also meet the new efficiency standards, computerized theoretical models must 
be developed that are far more accurate than existing ones. The advent of the 
Montreal Protocol and the resulting mandatory use of alternative refrigerants such as 
R-134a further complicate the problem. 
Significant capillary-tube research has already been performed, but the existing 
work is not sufficient to cope with present challenges. Most experimental data are 
applicable to only refrigerants R-12 and R-22 and are only valid for adiabatic 
operation, limiting their usefulness in analyzing actual refrigerators operating with 
non-adiabatic capillary tubes and using R-134a. Visualization studies have provided 
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much qualitative information about two-phase flow regimes in capillary tubes, but not 
enough to form the correlations necessary for an accurate model. The existence of 
the metastable region has been documented, but attempts to model the 
phenomenon have met with little success. Effects of oil type and concentration on 
such qualities as heat transfer coefficients have received little attention. 
The experimental facility described in this paper has been designed and built 
while keeping in mind the dearth of data pertinent to actual conditions seen in 
domestic refrigerator systems. The characterisHcs of past experimental apparati 
viewed as most desirable are included in our design. We have a closed-loop test 
facility with which we have independent control of oil concentration; instrumentation 
for gathering mass-flow, pressure, and temperature data for both capillary tube and 
suction line; and accommodations for various test-section configurations. A 
diaphragm pump is used in lieu of a compressor to boost pressure at the capillary-
tube inlet. A refrigeration loop is used to supply cooling to the test loop at 
temperatures below -40 OF. Control systems to accurately maintain test conditions 
are in place. The test facility is durable .and can be adapted to obtain more 
extensive data. 
The potential of the test facility is promising. The data taken using a non-
adiabatic capillary-tube serve to confirm the usefulness of the experimental faCility. 
The data are also used to perform a qualitative analysis of non-adiabatic capillary-
tube flow characteristics. Increasing inlet subcooling leads to increased mass-flow 
rate, as expected. Conditions typified by pulsating flow were observed, having 
similarities with observations of unsteady vaporization location made in earlier 
research. Conditions that represent recondensation of refrigerant before the 
capillary-tube exit were also observed. Because of the limited number of data 
points, the analyses described herein must be viewed more as stepping stones 
toward further investigation than actual conclusions. 
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The research described in this paper is being continued. Some changes must 
be made in the experimental facility, but an extensive set of data will be forthcoming. 
Assessment of friction factor and tube wall roughness, and baseline heat transfer 
analysis of the capillary-tube/suction-line heat exchanger, are among the tests to be 
performed. The goal of the research remains to gain a complete enough 
understanding of capillary-tube flow phenomena on which to base a capillary-tube 
model sufficiently accurate to meet modern refrigerator design standards. 
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Test Condition 1: T cond = 120°F. T sc = 5°F 
Time . Peti Pete Teti Tete Tsli Tsle Tslht m (min) (Ibm/hr) (psig) (psig) (OF) (OF) (OF) (OF) (OF) 
1 16.16 171.5 4.128 114.3 -5.486 6.754 81.4 -4.956 
2 15.91 171.6 4.377 114.4 -4.928 6.475 81.1 -4.589 
3 15.78 171.6 4.574 114.4 -4.504 6.472 80.8 -4.200 
4 17.91 171.7 4.550 114.4 -4.568 6.442 80.7 -4.165 
5 15.52 171.7 4.539 114.5 -4.565 6.503 80.7 -3.908 
6 16.00 171.8 4.372 114.5 -4.935 6.580 80.9 -3.875 
7 15.32 171.8 4.104 114.5 -5.491 6.709 81.3 -4.014 
8 15.38 171.7 4.123 114.5 -5.484 6.869 81.5 -3.787 
9 14.60 171.7 4.061 114.5 -5.60 6.885 81.6 -4.067 
10 15.60 171.8 4.190 114.5 -5.303 6.980 81.6 -3.813 
11 15.02 171.8 4.152 114.5 -5.406 6.861 81.6 -4.437 
12 14.53 171.9 4.075 114.6 -5.548 6.616 81.5 -4.908 
13 14.78 171.9 4.180 114.5 -5.337 6.457 81.5 -4.856 
14 15.95 171.9 4.391 114.5 -4.904 6.258 81.2 -4.698 
15 15.60 172.1 4.525 114.5 -4.645 6.151 80.9 -4.565 
16 15.63 172.2 4.552 114.5 -4.573 6.094 80.7 -4.448 
Time Tpump TpDT Tmass TpSTi TpST Tesl TTSIT Tamb 
(min) (OF) (OF) (OF) (OF) (OF) (OF) (OF) (OF) 
1 -30.90 124.2 33.93 -14.08 -17.03 -41.41 119.3 73.8 
2 -30.93 ·124.2 33.93 -13.90 -16.96 -41.43 119.3 73.9 
3 -30.85 124.2 33.86 -13.56 -16.91 -41.41 119.3 73.8 
4 -30.81 124.1 33.61 -13.55 -16.85 -41.37 119.3 73.7 
5 -30.81 124.1 33.43 -13.55 -16.79 -41.38 119.4 73.9 
6 -30.84 124.2 33.37 -13.65 -17.13 -41.38 119.4 74.0 
7 -30.91 124.1 33.32 -13.96 -17.42 -41.40 119.4 73.9 
8 -31.01 124.2 33.41 -14.03 -17.55 -41.44 119.4 73.9 
9 -31.03 124.1 33.30 -14.12 -17.49 -41.47 119.4 74.0 
10 -31.04 124.1 33.09 -13.98 -17.34 -41.47 119.4 73.9 
11 -31.01 124.2 32.76 -13.99 -17.19 -41.47 119.4 73.9 
12 -31.05 124.2 32.43 -14.09 -17.07 -41.49 119.5 73.9 
13 -31.09 124.2 32.17 -14.06 -16.97 -41.49 119.5 73.8 
14 -3-1.09 124.2 31.89 -13.85 -16.86 -41.50 119.5 73.9 
15 -31.01 124.2 31.57 -13.66 -16.73 -41.52 119.5 73.8 
16 -30.98 124.2 31.31 -13.58 -16.61 -41.50 119.5 73.9 
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Test Condition 2: T cond = 120°F, T sc = 10°F 
Time . Peti Pete Teti Tete Tsli Tsle Tslht m (min) (Ibm/hr) (psig) (psig) (OF) (OF) (OF) (OF) (OF) 
1 16.02 171.5 4.575 110.6 -4.377 7.47 78.9 -2.780 
2 15.96 171.7 4.510 110.8 -4.508 7.57 79.2 -2.671 
3 15.97 171.7 4.434 110.8 -4.651 7.67 79.4 -2.657 
4 16.01 171.7 4.401 111.0 -4.743 7.67 79.6 -2.976 
5 16.03 171.4 4.399 111.1 -4.707 7.57 79.8 -3.376 
6 15.99 171.5 4.521 111.1 -4.463 7.35 79.7 -3.647 
7 16.08 171.7 4.681 111.1 -4.177 7.16 79.4 -3.653 
8 16.12 171.5 4.982 111.2 -3.584 7.11 79.1 -2.946 
9 17.24 171.7 4.750 111.3 -4.021 7.17 79.1 -3.148 
10 12.10 168.7 4.718 111.2 -4.118 7.27 79.4 -2.839 
11 -12.61 134.6 13.46 105.8 10.12 15.25 81.7 21.88 
Time Tpump TpDT Tmass TpSTi TpST Tesl TTSIT Tamb (min) (OF)· (OF) (OF) (OF) (OF) (OF) (OF) (OF) 
1 -32.14 123.8 80.4 75.9 -23.33 -44.01 114.9 73.7 
2 -32.21 123.8 80.9 75.9 -23.34 -44.05 115.1 73.6 
3 -32.23 123.8 81.4 75.9 -23.36 -44.02 115.3 73.6 
4 -32.38 123.8 81.6 75.9 -23.41 -44.04 115.4 73.8 
5 -32.36 123.8 81.5 75.9 -23.41 -44.07 115.4 73.7 
6 -32.31 123.8 81.2 75.9 -23.42 -44.04 115.3 73.6 
7 -32.20 123.8 80.9 75.9 -23.42 -44.10 115.2 73.6 
8 -32.06 123.8 80.8 75.9 -23.42 -44.06 115.2 73.5 
9 -32.16 123.9 81.0 75.9 -23.42 -44.11 115.1 73.6 
10 -32.62 123.9 82.6 75.9 -23.42 -44.02 115.0 73.4 
11 -33.70 123.5 104.7 60.02 -23.43 -32.13 114.7 73.4 
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Test Condition 3: Tcond = 105°F, Tsc = 5°F 
Time . Peti Pete Teti Tete Tsli Tsle . Tslht m (min) (Ibm/hr) (psig) (psig) (OF) (OF) (OF) (OF) (OF) 
1 14.94 135.2 5.058 100.1 -3.825 7.74 72.7 -2.494 
2 14.87 135.0 5.157 100.1 -3.588 8.04 72.8 -1.695 
3 14.98 135.2 5.126 100.1 -3.685 8.30 72.8 -1.550 
4 14.84 135.2 5.089 100.1 -3.731 8.62 73.1 -1.180 
5 14.90 135.1 5.006 100.0 -3.915 8.87 73.2 -1.396 
6 14.88 135.2 4.815 100.0 -4.306 8.86 73.3 -2.115 
7 14.83 135.0 4.883 100.0 -4.151 8.75 73.3 -2.238 
8 14.91 135.0 4.912 100.0 -4.118 8.58 73.2 -2.540 
9 14.96 135.2 4.913 99.9 -4.139 8.36 73.1 -2.824 
10 14.88 135.1 4.947 99.9 -4.086 8.25 73.1 -2.730 
11 14.90 135.0 4.985 99.9 -3.985 8.20 73.1 -2.636 
12 14.86 135.1 4.965 99.9 -4.010 8.12 72.9 -2.924 
13 14.92 135.2 4.813 99.9 -4.326 7.95 72.9 -3.364 
14 14.88 135.0 4.815 99.8 -4.329 7.78 72.9 -3.439 
15 14.88 134.9 4.853 99.9 -4.238 7.67 72.8 -3.453 
16 14.93 134.9 4.837 99.8 -4.288 7.56 72.7 -3.597 
Time Tpump TpOT Tmass TpSTi TpST Tesl TTSIT Tamb (min) (OF)· (OF) (OF) (OF) . (OF) (OF) (OF) (OF) 
1 -31.37 108.5 -18.39 72.4 -21.88 -44.16 103.3 73.2 
2 -31.44 108.4 -18.28 72.4 -21.88 -44.18 103.3 73.3 
3 -31.47 108.4 -18.33 72.3 -21.89 -44.23 103.2 73.3 
4 -31.59 108.4 -18.36 72.3 -21.91 -44.22 103.2 7.3.1 
5 -31.59 108.5 -18.42 72.3 -21.93 -44.25 103.2 72.9 
6 -31.64 108.5 -18.46 72.3 -21.91 -44.28 103.2 73.1 
7 -31.64 108.5 -18.48 72.3 -21.94 -44.26 103.2 73.2 
8 -31.54 108.5 -18.50 72.3 -21.93 -44.20 103.2 73.4 
9 -31.57 108.5 -18.52 72.3 -21.94 -44.18 103.1 73.1 
10 -31.54 108.5 -18.47 72.2 -21.94 -44.18 103.1 73.2 
11 -31.57 108.5 -18.45 72.2 -21.95 -44.21 103.1 73.2 
12 -31.56 108.5 -18.42 72.2 -21.97 -44.12 103.1 72.9 
13 -31.55 108.5 -18.38 72.2 -21.94 -44.08 103.1 72.8 
14 -31.49 108.5 -18.34 72.2 -21.94 -44.06 103.0 73.0 
15 -31.52 108.5 -18.30 72.2 -21.94 -44.06 103.0 73.1 
16 -31.47 108.5 -18.28 72.2 -21.94 -44.09 103.0 73.0 
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Test Condition 4: . T cond = 105°F, T sc = 10°F 
Time . Pcti Pete Teti Tete Tsli Tsle Tslht m (min) (Ibm/hr) (psig) (psig) (OF) (OF) (OF) (OF) (OF) 
1 15.38 135.5 4.671 95.7 -4.608 6.083 68.71 -3.494 
2 15.39 135.7 4.621 96.0 -4.728 6.447 69.07 -3.207 
3 15.39 135.9 4.486 96.3 -5.029 6.746 69.56 -3.084 
4 15.32 135.9 4.380 96.6 -5.227 7.070 70.1 -3.061 
5 15.30 135.8 4.271 96.8 -5.432 7.210 70.5 -3.317· 
6 15.25 135.8 4.227 97.0 -5.576 7.210 70.8 -3.818 
7 15.33 135.5 4.356 97.2 -5.276 7.210 71.1 -3.739 
8 15.18 135.3 4.405 97.3 -5.151 7.150 71.2 -4.071 
9 15.28 135.4 4.136 97.4 -5.770 6.779 71.2 -5.327 
10 15.24 135.2 4.014 97.5 -6.014 6.364 71.4 -5.846 
11 15.19 135.1 4.140 97.6 -5.780 6.063 71.3 -5.747 
12 15.33 135.0 4.252 97.6 -5.560 5.850 71.0 -5.598 
13 15.31 135.0 4.294 97.7 -5.405 5.724 70.8 -5.656 
14 15.28 134.9 4.324 97.7 -5.366 5.620 70.7 -5.496 
Time Tpump TpOT Tmass TpSTi TpST Tesl TTSIT Tamb (min) (OF) (OF) (OF) (OF) (OF) (OF) (OF) (OF) 
1 -31.47 107.3 -19.66 68.89 -21.53 -44.22 99.2 73.2 
2 -31.47 107.3 -19.63 68.93 -21.53 -44.28 99.5 73.2 
3 -31.58 107.4 -19.65 68.98 -21.57 -44.35 99.7 73.3 
4 -31.67 107.4 -19.59 69.07 -21.59 -44.37 100.0 73.4 
5 -31.76 107.4 -19.63 69.12 -21.60 -44.41 100.2 73.1 
6 -31.95 107.5 -19.62 69.20 -21.64 -44.46 100.3 72.9 
7 -32.06 107.5 -19.63 69.29 -21.65 -44.52 100.4 73.0 
8 -32.01 107.5 -19.63 69.40 -21.65 -44.56 100.5 73.1 
9 -32.04 107.5 -19.66 69.51 -21.70 -44.54 100.5 73.3 
10 -32.08 107.5 -19.71 69.61 -21.72 -44.55 100.6 73.2 
11 -32.01 107.6 -19.66 69.72 -21.73 -44.45 100.6 73.4 
12 -31.93 107.5 -19.64 69.83 -21.73 -44.4 100.6 73.5 
13 -31.73 107.6 -19.60 69.98 -21.70 -44.29 100.6 73.5 
14 -31.58 107.6 -19.56 70.10 -21.71 -44.26 100.6 73.3 
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Test Condition 5: Tcond = 90°F, Tsc = 2°F 
Time . Peti Pete Teti Tete Tsli Tsle Tslht m (min) (Ibm/hr) (psig) (psig) (OF) (OF) (OF) (OF) (OF) 
1 10.86 103.9 4.833 87.6 -4.472 5.496 64.29 -5.164 
2 11.02 104.0 4.678 87.6 -4.791 5.430 64.21 -5.592 
3 11.03 104.0 4.834 87.6 -4.523 5.181 64.14 -5.331 
4 11.06 104.1 4.712 87.6 -4.736 4.932 63.94 -5.492 
5 10.85 104.0 4.806 87.6 -4.588 5.153 64.26 -5.371 
6 10.69 103.6 5.114 87.5 -3.915 4.990 64.20 -4.710 
7 10.91 103.7 4.987 87.6 -4.185 4.852 64.09 -4.823 
8 11.17 104.1 4.333 87.7 -5.546 4.800 63.96 -6.350 
9 11.07 104.2 4.064 87.7 -6.113 4.219 64.03 -6.998 
10 10.82 104.0 4.437 87.6 -5.346 3.655 63.94 -6.182 
11 .10.66 103.7 4.923 87.6 -4.330 3.810 63.85 -5.12 
12 10.90 103.7 5.005 87.6 -4.122 3.668 63.53 -4.919 
13 10.85 104.2 4.561 87.7 -5.043 3.405 63.52 -5.767 
14 10.90 103.9 4.655 87.6 -4.871 4.355 63.92 -5.622 
15 10.73 103.7 5.050 87.6 -4.071 4.880 64.07 -4.794 
16 10.77 103.7 5.156 87.6 -3.851 5.285 63.99 -4.566 
17 10.93 104.0 4.783 87.7 -4.601 5.378 63.89 -5.349 
18 11.05 104.1 4.781 87.7 -4.591 5.181 64.20 -5.391 
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Test Condition 5: Tcond = 90°F, Tsc = 2°F (cont'd) 
Time Tpump TpDT Tmass TpSTi TpST Tcsl TTSIT Tamb (min) (OF) (OF) (OF) (OF) (OF) (OF) (OF) (OF) 
1 -37.07 94.6 -15.14 67.68 -16.08 -44.69 84.5 72.7 
2 -36.75 94.6 -15.1 67.67 -16.10 -44.67 84.5 72.5 
3 -36.85 94.6 -15.08 67.66 -16.09 -44.65 84.5 72.6 
4 -36.69 94.6 -15.13 67.66 -16.12 -44.65 84.5 72.3 
5 -37.02 94.6 -15.10 67.66 -16.11 -44.69 84.5 72.5 
6 -37.14 94.6 -14.85 67.66 -16.01 -44.76 84.5 72.4 
7 -37.00 94.6 -14.74 67.66 -15.96 -44.74 84.5 72.4 
8 -36.49 94.6 -14.84 67.66 -16.13 -44.68 84.5 72.3 
9 -36.47 94.6 -14.96 67.66 -16.12 -44.63 84.5 72.1 
10 :-36.75 94.6 -14.93 67.66 -16.09 -44.54 84.5 72.1 
11 -37.11 94.6 -14.66 67.66 -16.06 -44.64 84.5 72.3 
12 -36.76 94.6 -14.55 67.66 -16.33 -44.65 84.5 72.3 
13 -36.70 94.6 -14.83 67.65 -16.33 -44.64 84.5 72.3 
14 -36.84 94.5 -14.86 67.67 -16.21 -44.61 84.5 72.3 
15 -37.13 94.6 -14.70 67.68 -16.12 -44.67 84.5 72.2 
16 -37.14 94.6 -14.62 67.69 -16.08 -44.74 84.5 72.4 
17 -36.66 94.6 -14.69 67.70 -15.98 -44.70 84.5 72.5 
18 -37.0 94.5 -14.81 67.72 -15.93 -44.64 84.5 72.3 
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Test Condition 6: T cond = 90°F, T sc = 5°F 
Time . Peti Pete Tcti Tete Tsli Tsle Tslht m (min) (Ibm/hr) (psig) (psig) (OF) (OF) (OF) (OF) (OF) 
1 12.88 104.6. 4.269 84.4 -5.717 4.859 62.38 -6.667 
2 12.78 104.5 4.443 84.5 -5.361 4.628 62.59 -6.148 
3 12.67 103.7 5.082 84.5 -4.014 5.322 63.10 -4.824 
4 12.64 103.2 5.410 84~5 -3.325 5.875 63.33 -4.083 
5 12.70 103.4 5.235 84.5 -3.699 6.161 63.21 -4.453 
6 12.83 103.9 4.669 84.5 -4.840 5.757 63.05 -5.667 
7 12.90 104.3 4.274 84.5 -5.669 5.009 62.59 -6.636 
8 12.89 104.2 4.335 84.6 -5.552 5.207 62.80 -6.361 
9 12.80 103.9 4.583 84.6 -5.028 5.651 63.06 -5.771 
10 12.72 103.7 4.649 84.6 -4.910 5.940 63.27 -5.622 
11 12.69 103.6 4.653 84.6 -4.892 6.030 63.33 -5.688 
12 12.79 103.9 4.516 84.6 -5.149 5.426 62.90 -6.038 
13 12.88 104.3 4.137 84.6 -5.971 3.974 62.40 -6.918 
14 12.83 104.2 4.261 84.7 -5.693 3.101 62.36 -6.607 
15 12.78 103.8 4.638 84.7 -4.892 3.407 62.59 -5.655 
16 12.70 103.5 4.928 84.7 -4.321 3.976 62.71 -5.156 
17 12.75 103.7 4.678 84.7 -4.815 4.155 62.56 -5.641 
18 12.74 104.2 4.198 84.7 -5.846 3.849 62.37 -6.776 
19 12.84 104.0 4.358 84.7 -5.505 3.961 62.67 -6.343 
20 12.62 103.2 4.864 84.7 -4.431 4.114 62.92 -5.296 
21 12.73 103.6 4.613 84.8 -4.937 3.941 62.61 -5.848 
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Test Condition 6: T cond = 90°F, Tsc = 5°F (cont'd) 
Time Tpump TpDT Tmass TpSTi TpST Tcsl TTSIT Tamb (min) (OF) (OF) (OF) (OF) (OF) (OF) (OF) eFt 
1 -36.55 94.8 50.33 67.02 -15.69 -44.27 ·85.8 72.9 
2 -36.98 94.8 50.63 67.04 -15.56 -44.30 85.8 72.9 
3 -37.47 94.8 50.94 67.09 -15.39 -44.34 85.9 73.0 
4 -37.52 94.8 51.08 67.11 -15.10 -44.48 85.9 ·72.9 
5 -37.20 94.8 50.93 67.12 -14.78 -44.50 85.9 73.0 
6 -36.95 94.8 50.56 67.14 -14.39 -44.44 85.9 72.9 
7 -36.69 94.8 50.20 67.15 -13.96 -44.40 85.9 73.1 
8 -36.89 94.8 50.05 67.18 -13.45 -44.27 86.0 73.0 
9 -37.02 94.8 50.15 67.18 -13.00 -44.33 86.0 72.8 
10 -37.10 94.8 50.34 67.20 -12.59 -44.37 86.0 73.0 
11 -37.18 94.8 50.42 67.21 -14.31 -44.39 86.0 73.0 
12 -36.74 94.8 50.43 67.21 -15.45 -44.41 86.0 72.9 
13 -36.70 94.8 50.39 67.21 -15.26 -44.35 86.1 72.8 
14 -36.84 94.8 50.44 67.24 -15.43 -44.32 86.1 72.8 
15 -37.24 94.8 50.59 67.24 -15.62 -44.35 86.1 72.8 
16 -37.28 94.8 50.74 67.24 -15.49 -44.42 86.1 72.9 
17 -36.90 94.8 50.80 67.22 -15.25 -44.51 86.1 72.9 
18 -36.87 94.8 50.72 67.23 -15.07 -44.48 86.2 72.9 
19 -37.17 94.8 50.70 67.23 -15.07 -44.41 86.2 72.8 
20 -37.37 94.8 50.77 67.22 -15.37 -44.50 86.2 72.9 
21 -36.92 94.8 50.85 67.21 -15.35 -44.56 86.2 72.8 
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Test Condition 7: Tcond = 90°F, Tsc = 10°F 
Time . Peti Pete Teti Tete Tsli Tsle Tslht m (min) (Ibm/hr) (psig) (psig) (OF) (OF) (OF) (OF) (OF) 
1 12.11 104.0 4.881 80.3 -4.263 4.551 4.551 -4.970 
2 12.06 104.0 4.731 80.3 -4.549 4.799 4.799 -5.291 
3 12.06 103.9 4.698 80.3 -4.617 4.663 4.663 -5.402 
4 12.02 103.8 4.779 80.3 -4.454 5.008 5.008 -5.194 
5 12.04 103.9 4.749 80.3 -4.504 4.764 4.764 -5.329 
6 12.04 103.9 4.640 80.3 -4.764 4.298 4.298 -5.404 
7 12.04 103.8 4.608 80.2 -4.814 4.690 4.690 -5.552 
8 11.99 103.7 4.521 80.2 -5.001 4.698 4.698 -5.805 
9 11.94 103.6 4.527 80.2 -4.993 4.481 4.481 -5.852 
10 12.01 103.6 4.529 80.2 -4.976 4.105 4.105 -5.857 
11 12.02 103.7 4.250 80.2 -5.568 3.462 3.462 -6.488 
12 12.03 103.7 4.084 80.2 -5.951 3.252 3.252 . -6.883 
13 12.05 103.7 4.258 80.2 -5.563 2.455 2.455 -6.525 
14 12.15 103.8 4.373 80.1 -5.361 0 0 -6.302 
15 12.16 103.9 4.309 80.1 -5.486 -0.766 -0.766 -6.385 
16 12.15 103.9 4.354 80.2 -5.372 -2.02 -2.02 -6.299 
Time Tpump TpDT Tmass TpSTi TpST Tcsl TTSIT Tamb 
(min) (OF) (OF) (OF) (OF) (OF) (OF) (OF) (OF) 
1 -37.02 94.7 9.76 64.88 -20.12 -43.37 81.0 72.3 
2 -37.10 94.7 9.29 64.89 -20.16 -43.31 81.0 72.4 
3 -37.10 94.7 8.96 64.90 -20.16 -43.44 81.0 72.2 
4 -37.06 94.7 8.82 64.90 -20.19 -43.53 81.0 72.4 
5 -37.03 94.7 8.87 64.93 -20.24 -43.37 80.9 72.4 
6 -37.08 94.7 9.11 64.99 -20.26 -43.39 80.9 72.4 
7 -37.03 94.7 9.50 64.99 -20.29 -43.32 80.9 72.1 
8 -36.99 94.7 9.96 65.03 -20.34 -43.35 80.9 72.3 
9 -36.96 94.7 10.47 65.09 -20.36 -43.36 80.9 72.1 
10 -36.85 94.7 10.96 65.11 -20.37 -43.36 80.9 72.2 
11 -36.86 94.7 11.37 65.12 -20.25 -43.33 80.9 72.3 
12 -36.87 94.7 11.74 65.16 -20.05 -43.40 80.9 72.3 
13 -36.80 94.7 12.11 65.20 -19.83 -43.31 80.8 72.2 
14 -36.73 94.7 12.45 65.20 -19.57 -43.37 80.8 72.1 
15 -36.77 94.7 12.74 65.23 -19.34 -43.32 80.8 72.3 
16 -36.77 94.7 13.03 65.27 -19.11 -43.37 80.8 72.2 
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